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Since the discovery of graphene, there has been a fast-growing interest in 
fabricating ultrathin 2-dimensional (2D) films and nano flakes out of materials with layered 
structures. Among all these materials, transition metal dichalcogenides (TMDs) such as 
MoS2, WSe2, HfS2 and ReS2, are semiconductors that show significant promise for use in 
electronics, optoelectronics, and catalytic applications. These materials comprise of 
covalent interactions between the atoms within the layer and van der Waals (vdW) 
interactions between the layers. Recent experiments have demonstrated that strain 
engineering is an effective method to tune the electronic, magnetic and optical properties 
of these 2D materials for their optimal performance. Strain engineering of 2D materials 
entails a thorough understanding of the deformation behavior, which is hard to capture 
experimentally. However, the recent advancements in computational methods at the atomic 
scales are well-suited to probe the effects of strains on the electronic properties as well as 
the mechanical response of 2D materials. The chemical vapor deposition (CVD) grown 2D 
materials comprise of flakes of several layers wherein the top layers are relatively narrower 
than the bottom layers. The strain response of such multi-layered structures is likely to be 
different as compared to their thin film counterpart. As a result, the investigation of the  
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strain response of monolayer and CVD-grown few layered 2D materials at the atomic 
scales is performed in this thesis.  
First part of this work is based on density functional theory (DFT) simulations to 
explore the variations in the local electronic structure and local strain relaxation under 
varying loading strains for CVD-grown MoS2. The difference in the electronic structure 
at/below the edges in multilayered structures is discussed. In addition, the effects of the 
presence of defect structures on the modifications in the local electronic structure and the 
strain relaxation (sliding) of the MoS2 bilayer structures are identified.  
These DFT simulations, however, are limited to system sizes of a few nanometers. 
As a result, classical molecular dynamics (MD) simulations are used to model system sizes 
close to the experimental length scales. The capability of MD simulations to model material 
behavior is determined by the capability of the interatomic potential being used to 
reproduce the mechanical and thermodynamic response. Therefore, current work focuses 
on the investigation of the reactive bond order (REBO) potential to reproduce the elastic 
properties as well as the strain response of MoS2 monolayer and few-layer MoS2 sheets. 
The results suggest that the REBO potential can model the elastic deformation behavior of 
MoS2 bilayer sheets as predicted by DFT calculations. However, the REBO potential 
slightly over predicts the in-plane elastic constants as well as the strain transfer between 
the MoS2 layers. A re-parameterization of the REBO potential for the MoS2 system to 
correct for the accurate strain transfer across the MoS2 layers is therefore performed. The 
evolution of the microstructure and the atomic scale mechanisms for strain relaxation are 
discussed using MD simulation for various types of edge configurations. The origins of  
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ripples as found in experiments are identified. In addition, the underlying correlations 
between strain relaxation and Moiré patterns are discussed at the atomic scale. 
This study extends to investigate the effects of strain on the local electronic 
structure of 2D WSe2 and HfS2, and the modifications in the chemistry for various systems 
under the applied strain are discussed and compared. The understanding of the links 
between structure, stacking sequence and electronic properties in 2D materials allow for 
the possibility of unprecedented performance improvements for the miniaturized electronic 
devices.  
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CHAPTER ONE 
1. INTRODUCTION 
1.1 Transition Metal Dichalcogenide Materials 
Transition metal dichalcogenides (TMDs) are a class of materials with a chemical 
formula of MX2, where M represents transition metal element from group 3 to group 12, 
and X is a chalcogen (S, Se or Te). Currently, there are around 60 TMDs known since 
1960s, with two-thirds of them forming layered structure [1]. In these layered structures, 
metals form strong covalent bonds with chalcogens in the x-y plane, while in the vertical 
direction the layers are weakly bonded by van de Waals (vdW) interactions. Due to the 
weak interactions between layers, the TMDs offer a low coefficient of friction. As a result, 
they have been used as dry lubricants to reduce the friction since 1970s [2]. Figure 1.1 
identifies the transition metals in the periodic table (highlighted as light blue) that form 
layered structures when bonded with chalcogens. It can be seen that such transition metals 
are mainly from group 4-7 and group 10.  
The rediscovery of TMDs is attributed to the renaissance in layered materials since 
the discovery of graphene in 2004 [3].  In addition to TMDs and graphene, two dimensional 
structures have also been synthesized for other layered materials, such as hexagonal boron 
nitride (hBN), germanane, silicene, phosphorene, etc. [3]. These materials are termed as  
2 
 
two dimensional (2D) materials, because they can be easily exfoliated from bulk to 
monolayer due to weak interlayer interaction [3]. Among all the 2D materials beyond 
graphene, TMDs attracted most attentions because the large family of TMDs covers diverse 
properties ranging from semiconductors to superconductors, depending on their 
composition and structure. As a result, the TMDs-based novel devices have been 
successfully demonstrated or proposed in applications of nanoelectronics, optoelectronics, 
spintronics, valleytronics, piezoelectric devices, and superconductivity [4-7].  
1.2 Crystal Structures and Electronic Properties of TMDs 
The bulk structure of TMDs comprises of stacked layers of MX2, where each MX2 
layer consists of one hexagonal plane of M atoms sandwiched between two planes of 
hexagonally packed chalcogen atoms. The thickness of one MX2 layer is typically 6~7 Å, 
and the in-plane lattice parameters a are in the range 3.1 Å to 3.7 Å. Depending on the 
Figure 1.1 Periodic table shows layered TMDs. Three chalcogens are in light yellow. The 
transition metals that form layered structures with chalcogens are highlighted in light blue. 
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stacking sequences and the metal atom coordination, three phases are commonly found in 
TMDs: 1T, 2H, 3R, as shown in Figure 1.2. The number 1, 2, 3 denote the number of MX2 
layers per unit cell, and the letter T, H, R are labeled as trigonal, hexagonal and 
rhombohedral, respectively. The 1T phase presents a tetragonal symmetry, and each M 
atom is octahedrally coordinated with six X atoms. Such a stacking requires only one MX2 
layer per unit cell for 1T phase. The 2H phase has hexagonal symmetry, and each M atom 
is coordinated with six X atoms in a trigonal prismatic polyhedron. There are two layers 
per unit cell with a AB stacking sequence. The 3R phase shows a rhombohedral symmetry 
with a trigonal prismatic coordination for M atom and three MX2 layers per unit cell in a 
ABC stacking order.  
In general, the electronic properties of the TMDs are determined by the progressive 
filling of d bands of the transition metals. If the highest bands are completely filled, such 
Figure 1.2 Schematics of the crystalline structures of 1T, 2H, 3R phases of TMDs. 
Reproduced from Ref. [5]. 
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as group 4, group 5 and group 10, the materials exhibit semiconducting characteristic. On 
the other hand, if the top bands are partially filled, the resulting TMDs are metallic (group 
5 and group 7). The unbonding band contributed from d orbitals of transition metals lies 
between the V* anti-bonding bands and V bonding bands, as shown in Figure 1.3. These 
unbonding d bands are degenerated into two groups in D3d symmetry (1T), and three groups 
in D3h symmetry (2H or 3R) [8]. However, the electronic properties of TMDs are also 
affected by their crystalline structure. For example, ReS2 from group 7 is supposed to be 
metallic according to Figure 1.3. However, the stable ReS2 presents a distorted phase (1T’) 
rather than 1T, and thus exhibits a semiconducting electronic structure with a band gap of 
1.9 eV [9].  
As a result, the electronic properties of TMDs are dependent on the coordination of 
the metal atoms and the interplay between M-d electrons and X-p electrons, which result 
in electronic properties in a wide variety of ranges from superconducting to 
semiconducting, as listed in Table 1.1 [10]. The diverse characteristics of TMDs allow 
Figure 1.3 Schematics of the DOS of TMDs formed form different groups of 
transition metals. Reproduced from Ref. [8]. 
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them playing different roles and offering various functionalities in electronic devices. For 
example, the semiconducting MoS2, MoSe2, WSe2, HfS2, etc., are promising in building 
transistors, switches, sensors, and optoelectronic devices, while the semi-metallic TMDs 
(such as TiSe2, WTe2) can be implemented as interconnects [1]. The metallic TMDs are 
possible to be fabricated in Josephson junctions and superconducting qubits [1].  
Table 1.1 Electronic properties of different layered TMDs [10]. ρ is in-plane electrical 
resistivity. 
 
As compared to other nanostructures, such as nanowires and nanotubes, 2D 
materials allow greater flexibilities, in that the electronic, optical and magnetic properties 
can be readily altered by many approaches including external electric or magnetic field 
Group M X Electronic Properties 
4 Ti, Hf, Zr S, Se, Te Semiconducting (Eg = 0.2~2 eV).  
5 V, Nb, Ta S, Se, Te 
Narrow band metals (ρ ~ 10–4 Ω.cm) or 
semimetals. 
6 Mo, W S, Se, Te Semiconducting (Eg = 1~1.9 eV).   
7 Tc, Re S, Se, Te Semiconducting (Eg ~ 1 eV). 
10 Pd, Pt S, Se, Te 
Sulfides and selenides are semiconducting 
(Eg = 0.4 eV). Tellurides are metallic. 
PdTe2 is superconducting. 
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[11-14], phase engineering [15], heterostructure fabrication [16, 17], and strain engineering 
[18-20]. Therefore, 2D TMDs have been recognized as promising building blocks for a 
wide range of applications in various nanophotonic and nanoelectronic devices.  
For example, TMDs present superb mechanical strength, sizable band gap and high 
mobility in their monolayer structure [21]. The band gap of 2D TMDs are comparable to 
that of silicon ~1.1 eV, which is suitable for transistors. In addition, the direct band 
transition in monolayer structure is preferred in the implementation of transistor due to its 
low energy consumption, which makes them attractive as a conductive channel material 
for the next generation field effect transistors (FETs).  
The FETs is a three-terminal system consisting of source, drain and gate electrodes, 
which is integrated in many electronic devices to achieve high-speed switching [22]. The 
operation of FETs is largely dependent on the performance of the channel semiconducting 
materials to span the source and drain electrodes. The traditional channel materials are 
composed of silicon, the III-V semiconductors, GaSs and GaN [22]. However, these 3D 
Figure 1.4 Three-dimensional schematics of the first top-gated transistor based on 
monolayer MoS2. Reproduced from Ref. [23]. 
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materials are limited to the quantum effects when scaled down to nanoscale dimensions. 
As a result, the outstanding features of 2D TMDs make them promising candidates as 
channel materials for the next generation FETs. The first top-gated FETs based on single 
layer MoS2 is shown in Figure 1.4, where 30 nm of HfO2 layers with a high-N dielectric 
are engineered as a gate insulator to improve the mobility and control charge density in a 
local manner [23]. This transistor demonstrated an exceptional mobility of at least 200 cm2 
V-1 S-1 and extraordinary current on/off ratios of 1 × 108 at room temperature, as well as 
ultralow standby power dissipation due to the large direct band gap of monolayer MoS2 
[23]. In addition, as compared to the back-gated transistors [24], the top-gated geometry 
reduced the voltage required to switch the device, and allowed the integration of multiple 
circuits in the same substrate [5]. Similarly, TMDs have also been used in sensors [25], 
and optoelectronic devices [26]. 
2D materials allow greater flexibilities, in that the electronic, optical and magnetic 
properties can be readily altered by many approaches including external electric or 
magnetic field [11-14], phase engineering [15], heterostructure fabrication [16, 17], and 
strain engineering [18-20]. Therefore, 2D TMDs have been recognized as promising 
building blocks for a wide range of applications in various nanophotonic and 
nanoelectronic devices. Thus, superior characteristics of 2D TMDs have attracted 
extensive research interests, and the application and optimization require the fundamental 
understanding of the electronic, optical and the mechanical properties of 2D TMDs.  
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1.3 Synthesis of TMDs 
The synthesis of 2D TMDs is typically carried out using two routes. The first is  
top-down route, in which the bulk TMD crystals are exfoliated into monolayer or few 
layers by various methods, including mechanical exfoliation (Scotch-tape method), liquid 
and chemical exfoliation, intercalation by ionic species, and so on [8]. In these approaches, 
the vdW interaction between adjacent layers are weakened by various treatments. For 
example, in mechanical exfoliation method (Figure 1.5 (a)-(b)), the 2D TMDs are obtained 
by repeatedly peeling the bulk TMD crystals on substrates with adhesive tapes [27]. Also, 
Figure 1.5 (a) Optical image and (b) AFM image of single layer MoS2 prepared by 
mechanical exfoliation. Reproduced from Ref. [26]. (c)-(e) liquid exfoliation method: 
(c) dispersion of MoS2 into NMP solvent. SEM image of (d) thin flake and (e) multilayer 
MoS2. Reproduced from Ref. [28]. 
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in liquid exfoliation method (Figure 1.5 (c)-(e)), the monolayer or few-layer TMDs can be 
exfoliated from bulk TMD crystals in N-methyl-pyrrolidone solvent. The largest limitation 
of exfoliated methods is the small size. The 2D TMDs prepared from exfoliated methods 
are limited in tens of microns, which is unrealistic in device applications. In addition, the 
poor-quality control of this methods also poses limitations to their applicability in devices. 
The second is a bottom-up route, such as chemical vapor deposition (CVD), wherein the 
M and X atoms are vaporized by hot carrier gas and deposited on substrate. An example 
synthesis of 2D TMDs by metal chalcogenisation in CVD is shown in Figure 1.6 (a). Here, 
the MoO3 powder and Se pellets, which are Mo and Se precursors, respectively, are 
positioned in the same alumina boat. The Ar/H2 are used as carrier gas to vaporize Mo and 
Se precursors, and SiO2/Si are chosen as substrate. This system results in large area 
monolayer MoSe2 triangles synthesized with a length scale ~ 135 Pm as shown in Figure 
1.6 (c) [28]. CVD growth method is thus able to prepare 2D TMDs with large area and 
Figure 1.6 (a) Schematic setup of the controlled synthesis of the monolayer MoSe2. (b) 
and (c) Typical optical images of monolayer MoSe2 triangles. Reproduced from Ref. [28]. 
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high quality, and therefore is a breakthrough approach in fabrication of micro-scale 2D 
TMDs for the application devices. 
1.4 Experimental Characterizations of Electronic properties of 2D TMDs  
 Experimentally, the electronic structure of 2D TMDs is investigated using 
photoluminescence (PL) technique. The PL spectrum enables the investigation of 
transitions/variations in band gap energy as TMDs are exfoliated from bulk to monolayer.  
For most semiconducting TMDs in 2H phase, such as MoS2, WS2, MoSe2, WSe2, etc., a 
striking indirect-to-direct transition in band gap is observed when they are exfoliated from 
bulk to monolayer. It was first experimentally demonstrated using PL technique for MoS2 
[29]. As shown in Figure 1.7 (a), the indirect peak is denoted by I. The direct peaks are 
indicated by A and B, corresponding to the A- and B-exciton-related emissions, 
respectively. The PL spectrum of monolayer MoS2 is quite distinct with that of few-layer. 
Figure 1.7 (a) The normalized PL spectra for monolayer to 6-layer MoS2. The spectra are 
normalized by the intensity of peak A. (b) Bandgap energy of 2D MoS2 structures. The 
bandgap of bulk MoS2 is indicated by the dashed line. Reproduced from Ref. [29]. 
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Only one single narrow peak centered at 1.9 eV (corresponding to the direct transition) is 
observed in monolayer, while in few-layer samples, multiple peaks are observed. 
Moreover, the PL intensity of monolayer is substantially higher, which also suggests the 
direct-band-transition nature in monolayer. The bandgap energy of 2D MoS2 decreases 
with the increment of layer thickness, as indicated by Figure 1.7 (b).  The values of band 
gap for MoS2 are observed to be 1.88 eV, 1.59 eV, 1.46 eV, 1.41 eV, 1.39 eV, 1.38 eV, 
and 1.30 eV for monolayer, bilayer, trilayer, 4 layer, 5 layer, 6 layer, and bulk, respectively.   
The indirect-to-direct band transition can be also investigated using angle-resolved 
photoemission spectroscopy (ARPES) measurement [30]. Figure 1.8 shows the variations 
of the bandstructure of MoS2 with regards to the layer thickness measured using ARPES 
[30]. The valence band edges are measured along the high symmetry points in the full 
Brillouin zone. It is clearly shown that the valence band maximum (VBM) locates at . 
point in monolayer, and shifts to * point at bilayer, trilayer and bulk MoS2.  
Figure 1.8 ARPES measurement of the band structure at the low energy valence bands of 
exfoliated MoS2: (a) monolayer, (b) bilayer, (c) trilayer, and (d) bulk. Reproduced from 
Ref. [30]. 
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In addition to MoS2, The PL spectra of other TMDs have also been studied. For 
example, Figure 1.9 (a) shows the PL spectra of WSe2 as a function of layer thickness [31]. 
Similar to MoS2, a direct band gap is observed for monolayer WSe2 with a value of 1.62 
eV, while the indirect band gaps are found in fewlayer and bulk structures [31]. One 
interesting difference in monolayer WSe2 is that the energy of indirect peak I is almost the 
same as the direct peak A, as indicated in Figure 1.9 (b). Besides, the energy gaps between 
two direct peaks, A and B, are observed to be 0.4 eV, which is huge as compared to MoS2 
[31].  
Although experimental techniques such as PL spectrum or ARPES can provide 
useful insights and evidences of the variations in the electronic structures of 2D TMDs 
under the external strain, it is difficult and expensive to uncover the underlying physics 
and the origins of these variations using experiments alone. With the rapid advancements 
of the computational resources, it is possible to explore the complex electronic structures 
Figure 1.9  (a) The normalized PL spectra of monolayer, fewlayer, and bulk WSe2. (b) The 
variations in peak positions of indirect I peak, and two direct A and B peaks as a function 
of layer thickness. Reproduced from Ref. [31]. 
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using theoretical methods, such as first principle calculations based on density functional 
theory (DFT) [32]. 
1.5 Theoretical Studies of the Electronic Structure of 2D TMDs 
Several theoretical studies have been carried out to complement the experimental 
investigation of the rich physics associated with the extraordinary properties of 2D TMDs, 
such as the direct band gap in the monolayer TMDs, the significant spin-orbit coupling, 
etc. [33]. Figure 1.10 shows the band structures of MoS2 bulk, bilayer, and monolayer 
calculated using DFT simulations. The valence band maximum (VBM) of bulk MoS2 
appears at * point, and the conduction band minimum (CBM) locates / point, which is 
between . point and *point [34]. This point is also denoted as Q, 7, or 6 point in other 
references [33, 35, 36]. As a result, an indirect b1and gap is observed for bulk MoS2 
attributed to the */transition. This value is computed to be 1.2 eV, and compares well 
Figure 1.10 Band structures from first principle calculations based for bulk, bilayer and 
monolayer MoS2. The valence and conduction band edge are colored in blue and green, 
respectively. Reproduced from Ref [34]. 
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with the experimental value of 1.3 eV [29]. In bilayer MoS2, the energy of K point in 
conduction band edge decreases as compared to the that of bulk MoS2, and the energy of 
K point in valence band edge shifts up as indicated in Figure 1.10. However, the band 
extrema of bilayer MoS2 are not changed, still locating at * and / for VBM and CBM, 
respectively. As for monolayer MoS2, the energy of . point locates below / point at the 
conduction band edge, and the energy of . point locates above * point at the valence band 
edge. As a result, the VBM and CBM of monolayer MoS2 both change to the corner of the 
hexagonal Brillouin zone, i.e. K point. An indirect band transition of */ observed in the 
bulk structure shifts to a direct .. transition in monolayer MoS2. The band gap of 
monolayer MoS2 is determined by the direct K-K transition with a value of 1.9 eV, which 
is consistent with the result from PL spectrum, 1.88 eV [29]. The change in the band 
structure from bulk to monolayer is contributed to the quantum confinement effects [37]. 
Figure 1.11 (a) The band gap transitions between critical points in BZ with respect to the 
layer thickness, n. (b) Band edges evolution as a function of layer thickness n. Reproduced 
from Ref. [41]. 
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The quantum confinement effects are observed when the size of the nanostructures is 
sufficiently small to be comparable with its exciton Bohr radius [38]. For monolayer MoS2, 
the Bohr radius is predicted to be 0.93 nm, which is larger than the thickness of monolayer 
MoS2 (~0.6 nm) [39]. As a result, the electrons and holes in 2D MoS2 are squeezed within 
the Bohr radius, which renders a faster electron-hole recombination process in monolayer 
and bilayer MoS2 sheets as compared to bulk MoS2 crystals [40]. The quantum 
confinement effects also result in the change in the hybridization between the pz orbitals of 
S atoms and the d orbitals on Mo atoms [5]. The variations of band transitions and band 
edges for monolayer to 7-layer MoS2 as computed using DFT [41] are shown in Figure 
1.11. 
Figure 1.12 (a)-(d) The band structure of mono-, bi-, tri-, and quad- layer WSe2 without 
spin orbit coupling. (e)-(h) The band structure of mono-, bi-, tri-, and quad- layer WSe2 
with spin orbit coupling. Reproduced from Ref [31]. 
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 As discussed before, the PL spectra of monolayer and fewlayer WSe2 show a giant 
splitting in the energy difference between two direct peaks, A and B. The underlying 
physics can be explained by the DFT calculations. It has been shown that the energy 
difference of A and B peaks is purely attributed to the strong spin orbit coupling (SOC) in 
the d orbitals of W atom for monolayer. For the multilayer structures, in addition to the 
spin splitting, the interlayer coupling also plays an important role in the band splitting of 
the valence band edge [31]. Figure 1.13 demonstrates the significance of SOC in WSe2 
structures, which results in a band splitting around 0.47 eV at the K point of the valence 
band edge. 
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1.6 Strain Response of 2D TMDs 
Recently, an emerging area of research has been the modifications of the electronic 
properties of 2D TMDs by environmental changes, and thus provide new opportunities in 
engineering novel devices [4]. Such a capability to alter or tune the electronic properties 
has been demonstrated using phase engineering [15, 42], defect engineering [43, 44] and 
strain engineering [45-49]. The optimization of the applicability of these 2D TMDs, 
therefore, hinges on a fundamental understanding of the stability and variations in the 
electronic structure in various environments. It is well understood that 2D materials are 
usually more flexible under mechanical deformations as compared to conventional 3-
dimensional bulk and thin film materials. For example, nanoindentation experiments using 
an atomic force microscope show that ultrathin free-standing MoS2 membranes may bear 
Figure 1.13 (a) Optical image of the MoS2 bilayer attached on the substrate with the 
titanium clamps. (b)-(c) Schematic of the bending apparatus to apply and determine the 
strain. (d) Photograph of the straining apparatus. Reproduced from [46]. 
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a large in-plane strain up to 11 % before fracture [50], implying a broad operation range 
for strain engineering in 2D TMDs.  
As a result, several efforts have focused on the investigation of the strain-induced 
variations in the electronic properties of 2D TMDs. Figure 1.13 provides an example to 
subject strain to the 2D TMDs [46]. The strain is directly subjected to the polycarbonate 
substrate, and the strain on the 2D TMDs samples are determined from the curvature of the 
substrate. The PL spectra of monolayer and bilayer MoS2 are displayed in Figure 1.14 [46]. 
The peak A and peak I in the bilayer correspond to direct and indirect band gap, 
respectively. It is evident that both PL peaks of monolayer and bilayer show a linear 
redshift with respect to strain, i.e. the PL peaks linearly decrease with the increment strain. 
The redshift rates are observed to be ~ 45 meV/% for monolayer MoS2 and ~120 meV/% 
Figure 1.14 (a) PL spectra of strained MoS2: (a) monolayer, (b) bilayer. PL peaks of (c) 
monolayer and (d) bilayer MoS2 as a function of strain. Reproduced from Ref. [46]. 
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for bilayer MoS2. Moreover, a significant reduction in PL intensity of monolayer MoS2 is 
observed at an applied strain of ~1%, suggesting a strain-induced direct-to-indirect 
transition of the bandgap in monolayer MoS2 [46, 51]. These results demonstrate need to 
identify the variations/transitions in 2D TMDs under applied strain. 
The effects of strain have also been studied for bilayer WSe2 structure using PL 
spectrum, as shown in Figure 1.15 [52]. Unlike the consistent blueshifts of the band gap of 
bilayer MoS2 under tensile strain, the band gaps of bilayer WSe2 is found to increase at 
applied tensile strains up to 1.32%, then the show a small blue shift with further strain [52]. 
At ~ 1.5% strain, the PL intensity is observed to dramatically amplify by 25 times. Such a 
Figure 1.15 (a) PL spectra of strained WSe2 bilayer. PL peak of unstrained monolayer 
WSe2 is indicated by dashed line for comparison. Reproduced from Ref [52]. 
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strong signal is comparable to that observed in monolayer WSe2, indicating a direct band 
nature in strained bilayer WSe2. 
As discussed before, it becomes extremely difficult to probe the fundamental 
characteristics that render the variations in the band gap energies under various strain 
conditions using experiments alone. As a result, several computational studies using 
density functional theory (DFT) have aimed to investigate the variations in the band gap 
energies, the various bandgap transitions, as well as carrier mobility for monolayer and 
bilayer MoS2 under varying strain conditions [20, 36, 53-57]. For monolayer MoS2, ab 
initio calculations predict a similar trend of 40-100 meV/% blue shift rate [20, 36, 54-57], 
and suggest a direct−indirect transition under both tensile and compressive strains [36]. 
Figure 1.16 The band structure of monolayer MoS2 at different applied strains: (a) 1%, (b) 
5%, (c) -1%, and (d) -5%. Reproduced from Ref. [36]. 
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Figure 1.16 shows the variations in band structure of monolayer MoS2 at tensile and 
compressive strain. It can be seen from Figure 1.16 that the direct .. band gap shifts to 
indirect *. band transition at an applied tensile strain of ~ 1% [36]. While at the 
compressive strain domain, the CBM changes to 6min. As a result, an indirect .6min band 
gap is observed at applied compressive strain greater than 1%. 
The band gap energy (Eg) is observed to decrease under tensile strain/stress 
conditions, while for an in-plane compression Eg is initially raised by a small amount and 
then decreased as the strain varies from 0 % to −6 % [36]. The strain effects on effective 
Figure 1.17 The variations of effective mass as a function of strain at different loading 
conditions: (a) biaxial strain, (b) uniaxial strain, and (c) uniaxial stress. Reproduced from 
Ref. [36]. 
22 
 
carrier masses of monolayer MoS2 have also been studied, as shown in Figure 1.17 [36]. A 
tensile strain/stress tends to reduce me at CBM (K), but introduce an abrupt increase in mh 
(VBM from K to Γ). On the other hand, a compressive strain/stress tends to reduce mh at 
VBM (K), but introduces an abrupt increase in me (CBM from K to Σmin) [36]. DFT 
simulations also show a significant enhancement in the electron mobility (over 10 times) 
under biaxial tensile strain [58], which can be employed to improve the transport 
characteristics [59].  
Similarly, DFT simulations suggest an indirect band gap for bilayer MoS2 for all 
variations of strain along the basal plane [54]. In addition, several transitions for the 
indirect band gap are observed for various strains for the bilayer structure [34]. These 
studies are consistent with the experiments that Eg of bilayer MoS2 is blue shifted under a 
uniaxial strain.  
1.7 Strain Response of CVD-grown TMDs 
As discussed before, the recent advancements in the capability to successfully grow 
high-quality 2D TMDs using CVD further enhance the applicability of these 2D structures 
for applications in the next-generation field-effect transistors, phototransistors, as well as 
spintronic devices [31, 60, 61]. The experimental as-grown structures during chemical 
vapor deposition comprise of multiple layers with unequal dimensions. An example as-
grown bilayer flake of MoS2 using CVD is shown in Figure 1.18 (a) [62]. It can be seen 
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from this image that the bilayer flake comprises of a bottom layer as a triangle and the top 
layer that is also a triangle with smaller dimensions as compared to the bottom layer [62]. 
Such structures result in regions that resemble a bilayer structure at the center surrounded 
by regions that are simply a monolayer MoS2 structure. The monolayer to bilayer step is 
measured to be 0.7 nm, which is typical thickness of a MoS2 layer. Interestingly, the 
substrate to monolayer step is measured to be 0.9 nm, which is remarkably larger than the 
thickness of single layer MoS2. Such a difference suggests that the interlayer bonding 
between SiO2/Si substrate and monolayer is weak as compared to that between two MoS2 
layers. Similarly, a CVD-grown few-layered MoS2 flake shows several layers of unequal 
Figure 1.18 (a) AFM image of CVD-grown bilayer MoS2. Step height measurement (b) 
from monolayer to bilayer, and (b) from SiO2/Si substrate to monolayer. (d) PL intensity 
map of MoS2 bilayer. Reproduced from Ref. [62]. 
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dimensions with the largest layer at the bottom, and the smallest layer at the top. The PL 
intensity map of the CVD-grown bilayer is displayed in Figure 1.18 (d) [62]. Noticeable 
differences in PL intensity are observed in edges of monolayer and bilayer triangles. The 
PL signal at the edges is substantially smaller, which indicate the electronic properties of 
bilayer MoS2 is modified at the presence of edge. 
An example as-grown five-layer MoS2 flake using CVD is shown in Figure 1.19 (a) 
and (b) [63]. Five triangles are stacked to form a multilayer structure, and the dimensions 
of the triangular layers are decreasing with each increasing layer. The effects of strain on 
the electronic properties of these multilayered structures may therefore lead to variations 
Figure 1.19 Optical images of two MoS2 multilayer (a) and (b). (c) Photograph of the strain 
system. (d) The position of E mode of Raman spectrum and (e) the PL energy as a function 
of uniaxial strain. Reproduced from Ref. [63]. 
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in the band gap energies across the monolayer and bilayer regions. As the top layers are 
weakly bound to the bottom layers through vdW interaction, the presence of the edges is 
likely to affect the relaxation behaviors of the multilayered structures, and the behavior of 
the top layers is likely to be different from that of bottom. Therefore, the response of such 
2D structures (with unequal dimensions) is likely to create an inequality in the amounts of 
strain across the layers and hence is likely to exhibit inhomogeneous electronic properties.  
The CVD-grown five layered MoS2 flakes on PET substrate as shown in Figure 
1.19 (a) and (b) have been subjected to strains under loading conditions of both uniaxial 
and biaxial strains [63]. Two multilayered structures as referred to triangle 1 (T1) and 
triangle 2 (T2) are studied. Each point (Pt) corresponds to one layer with Pt1 being 
monolayer and Pt5 being fivelayer structure. The terrace triangles (T1 and T2) are placed 
Figure 1.20  PL spectra of Pt 3 on T1 (trilayer) as a function of applied uniaxial strain. 
Reproduced from Ref. [63]. 
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on PET substrate, and the strain is directly subjected by bending the PET substrate. The 
applied strain on T1 and T2 are estimated by the strain on PET, the distance between two 
plates, and the angle at the minimum strain point [63]. The PL spectra as the function of 
applied uniaxial strain is shown in Figure 1.20. It can be seen that two peaks, corresponds 
to two .. transitions splitting at K point at valence band edge, have been observed for 
the trilayer point at the multilayer system. Both peaks show blue shift behavior with respect 
to the strain. Figure 1.19 (e) illustrates the variation of the positions of PL(A) peak as a 
function of applied strain. It is interesting to note that the strain response of CVD-grown 
few-layered MoS2 structures shows a hysteretic shift of the in-plane Raman peak position 
and PL energy at a large applied strain (Figure 1.19) [63]. This shift occurs at random 
Figure 1.21 Atomic resolution ADF image of intrinsic defects found in CVD-grown 
monolayer MoS2. Reproduced from Ref. [64]. 
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layers (layer 4 in Figure 1.19). It is speculated that this local shift may be originated from 
the sliding of local regions with defects. As a result, the role of defects on the sliding energy 
barrier of bilayer MoS2 is investigated. 
It is now known that the CVD-grown TMDs result in the presence of the intrinsic 
defects, such as vacancies, interstitials and grain boundaries that are inevitable to form 
during the growth process [64]. Figure 1.21 shows the atomic resolution STEM-ADF 
images for six types of point defects seen in the CVD-grown monolayer MoS2 [64]. These 
intrinsic defects include monosulfur vacancy (VS), disulfur vacancy (VSS), vacancy 
complex of Mo and surrounding three sulfur atoms in one plane (VMoS3), vacancy complex 
of Mo and its six first-nearest neighboring sulfur atoms (VMoS6), and antisite defects where 
a Mo atom substituting a S2 column (MoS2) or a S2 column substituting a Mo atom (S2Mo). 
It has been demonstrated that the presence of defects significantly modifies the electronic, 
Figure 1.22 (a) PL spectrum of pristine and irradiated monolayer MoS2. (b) Calculated 
band structure and density of states for monolayer MoS2 at the presence of disulfur 
vacancy. Reproduced from Ref. [65]. 
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optical and transport properties of 2D TMDs [43]. For example, an additional peak 
positioned at 1.78 eV, XB, is observed in PL spectrum of irradiated monolayer MoS2 by D-
particles (Figure 1.22 (a)) [65]. The signal of this peak is enhanced at a larger irradiation 
dose of D-particles. In addition, the intensity of main PL peak at 1.9 eV (X0) increases by 
three times due to the irradiation/defects. The theoretical simulations based on DFT 
methods confirm that additional charge states appear within the mid gap region for 
monolayer MoS2 at the presence of disulfur vacancy [65]. As shown in the density of states 
(DOS) of monolayer MoS2 with VSS vacancy in Figure 1.22 (b), four defect states are 
observed between CBM and VBM. The optical transitions from CBM to peak 1 and from 
peak 4 to CBM (indicated by green arrows) are 0.2 eV and 0.3 eV lower than the X0 peak. 
As a result, these transitions are speculated to be related to the XB peak observed in the PL 
spectrum, which is 0.12 eV lower than X0 [65]. Therefore, the electronic and optical 
properties of 2D TMDs are remarkably modified at the presence of defects. However, the 
previous studies of effects of defects have been limited on monolayer TMDs, while the role 
of defects on bilayer TMDs remain unknow. It is not clear whether the modification in 
electronic structures in the defective layer may transfer to its adjacent pristine layer. As a 
result, the role of defects is also studied in this thesis. 
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Recently, a few studies have reported the observation of ripples near edge terminals 
in CVD-grown multilayer MoS2 structures as shown in Figure 1.23 [66]. The STM images 
indicate that typical height of these ripples is ~11 Å (Figure 1.23 (d)), while the 
spectroscopy (STS) measurements suggest that these ripples result in the reduction of band 
gap of the MoS2 sheets near edge terminals from 1.96 eV to 1.46 eV [66]. Since the 
locations of the ripples are observed at the edges, it is likely that the formation of ripples 
is related to the displacement of atoms at the edges. A recent study has also observed ripples 
in a CVD-grown bilayer structure in Figure 1.24 (a) [67]. The arrays of ripples with a 
typical height of 1 nm can be clearly seen from the AFM image as shown in Figure 1.24 
(b) and (c). The ripples are found to be attributed to the residual biaxial strain across layers 
Figure 1.23 (a) STM images of the curved MoS2 few-layer structure on GaN substrate. (b) 
AFM images of multilayer MoS2. (c) Constant current STM image of the MoS2 multilayer; 
(d) The thickness profile along the dashed white line in (c). Reproduced from Ref. [66]. 
30 
 
due to the interlayer coupling during the grown process. The PL intensity map show a star-
shaped signals in bilayer structure, indicating an interesting strain response. The PL 
spectrum shown in Figure 1.24 (e) demonstrates a 42 meV blue shift in PL peak position 
of nanoripples as compared to those in pristine monolayer MoS2. Such a blue shift is 
equivalent to the effects of ~ 0.7% strain. As a result, the ripples formed in bilayer structure 
are likely to relate to the strain. However, the underlying mechanisms of the formation of 
ripples at a large atomic scale (~ 100 nm) are still not clear.  
Figure 1.24 (a) AFM of nanoripple arrays (NRAs). (b) Zoom in over the dashed square in 
(a). (c) AFM heights show corrugations of NRAs. PL map (d) and spectra (e) of NRAs as 
compared to pristine monolayer MoS2. Reproduced from Ref. [32]. 
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In addition, when the CVD-grown multilayers are subjected by external strain, the 
incomplete strain transfer across layers may also lead to the different strain configuration 
in each layer. Such a vertically heterogeneous strain response can induce a lattice mismatch 
between different layers. As a result of this mismatch, a Moiré-like superstructure is 
observed in individual layers, i.e., Moiré pattern. The lattice-mismatched Moiré-pattern 
structures are considered as the evidence of successful alignment/growth of 
heterostructures, and have been extensively observed in many vdW heterostructures [68-
72], graphene-metal interface [73] as well as MoS2-metal interfaces [74-77]. For example, 
rotationally aligned MoS2-WSe2 bilayer shows a Moiré pattern with a well-defined 
periodicity of ~8.7 nm, as shown in Figure 1.25 [72]. 
While most of the current discussions have focused on MoS2 systems, strain 
response of other 2D TMDs such as HfS2 and WSe2 has also been recently investigated. 
For example, a strain-induced indirect-to-direct transition has been observed for bilayer 
WSe2 using PL techniques [52]. It was reported that a crossover from indirect band gap to 
Figure 1.25 (a) STM images of MoS2/WSe2 heterostructure. (b) Close-up STM image 
show the Moiré pattern with a periodicity of ~8.7 nm. Reproduced from Ref. [68]. 
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direct one occurred at an applied strain of 2% that resulted in a dramatic enhancement in 
PL intensity in strained structures [52]. However, our experimental collaborators, Wei Wu 
and Prof. Michael Pettes, observe a distinct phenomenon for bilayer WSe2. As shown in 
Figure 1.26 [52], no crossover of direct and indirect band transition is found up to 3.5% 
uniaxial tensile strain. The reason of the discrepancies between Wu et. al. and Desai et. al. 
[52] remains unknown. 
1.8 Goal of Thesis 
Thus, based on the experimental and theoretical results in the literatures, it can be 
seen that the understanding of the strain response of 2D TMDs is still in an infancy. This 
dissertation aims to use atomic scale modeling methods to investigate the correlations 
between structure and electronic properties of 2D TMDs, and the modifications due to 
applied strain. The details of the computational methods are given below. 
Figure 1.26 The direct and indirect band energies of bilayer WSe2 at different uniaxial 
tensile strains. The reference DFT results are from [52]. 
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1.8.1 Density Functional Theory 
Density functional theory (DFT) is a quantum mechanical methods based on the 
famous Hohenberg and Kohn theorem [32]. It is known for successful description of the 
ground state properties of atoms, molecules, and solids with reasonable computational 
efforts and surprising accuracy. DFT is inherently parameter-free and requires no 
experimental input and thus has often be considered as a benchmark for other non-ab-initio 
methods. Therefore, DFT has rapidly become a most popular computational approach in 
materials science and has been shown to be able to accurately predict structural and 
geometrical details, elastic constants, vibrational frequencies and phase transformation 
behavior, especially for periodical solid systems [78]. 
Using Hohenberg-Kohn theorems [32], the Hamiltonian of a many-electron system, 
with Born-Oppenheimer approximation, is expressed as a functional of 
electron density rather than wave function based on two theorems: 
Theorem 1: The external potential (and hence the total energy), is a unique functional of 
the electron density. 
Theorem 2: The functional that delivers the ground state energy of the system, gives the 
lowest energy if and only if the input density is the true ground state density. 
Based on these two theorems, there exists a universal functional of the density, denoted as 
H-K functional F[n(r)], such that the global minimum value of the energy functional 
                𝐸[𝑛(𝑟)] = ∫ 𝑛 (𝑟)𝑉𝑒𝑥𝑡(𝑟)𝑑𝑟 + 𝐹[𝑛(𝑟)]                                               (1.1) 
34 
 
is the exact ground-state energy of the system and the exact ground-state density minimizes 
this functional. As a result, the grand-state energy and density are fully dependent on the 
functional 𝐸[𝑛(𝑟)]. 
Although the Hohenberg-Kohn theorems can simplify the many-body interactions 
in terms of the density as the basic variable, the unavailability of the universal H-K 
functional make it impractical. The huge progress came from Kohn-Sham approach in 1965 
[79], in which the ground-state density of the interacting system is assumed to equal that 
of a fictitious non-interacting system with all the difficult many-body terms incorporated 
into the exchange-correlation functional of the density.. As a result, the DFT is practically 
implemented within the Kohn-Sham framework. The interacting many-body electron 
problem can be solved self-consistently in terms of a set of Kohn-Sham equations of 
auxiliary non-interacting system, 
              [−ℏ
2
2𝑚
∇2 + 𝑉𝑒𝑥𝑡(𝑟) + 𝑉𝐻(𝑟) + 𝑉𝑋𝐶(𝑟)] 𝜙𝑖(𝑟) = 𝜖𝑖𝜙𝑖(𝑟)                         (1.2)          
where 𝑉𝑒𝑥𝑡(𝑟), 𝑉𝐻(𝑟), and 𝑉𝑋𝐶(𝑟)  are the interaction potential of an electron with nuclei 
(Hartree potential), the interaction potential of an electron with other electrons, and the 
exchange-correlation potential, respectively.  𝜙𝑖(𝑟)  is the one-electron wavefunction. 
Then the charge density can be determined by 
                                                      𝑛(𝑟) = ∑ |𝜙𝑖(𝑟)|2𝑁𝑖                                                               (1.3) 
The original many-body electron problem is ingeniously converted to a non-
interacting one electron problem, with the interacting part incorporated in the exchange-
correlation potential. In practical, the exact form of exchange-correlation functional is 
unknown, but various approximation can be made to estimate the exact exchange-
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correlation functional, such as the local density approximation (LDA) [79] and the 
generalized gradient approximation (GGA) [80]. LDA depends only on the density at the 
local coordinates, whereas GGA also takes into account the local gradient of the density. 
In general, the LDA should be used when the electron density slowly varies. The LDA 
usually underestimate bond lengths and band gaps, and overestimate biding energies [81]. 
GGA generally works better than LDA in bond lengths and binding energies, but still 
underestimate the band gaps [81]. The most common version of GGA is PBE, a parameter-
free GGA proposed by John P. Perdew, Kieron Burke and Matthias Ernzerhof [80]. 
It is known that in general GGA underestimates the absolute band gap energy of 
semiconductors [82]. The calculated Eg of the infinitely large bilayer MoS2 sheet is about 
0.4 eV lower than the experimental value (1.6 eV) [83]. Such an underestimation may be 
corrected or reduced by using modern time-intensive hybrid functionals (e.g., HSE06 [84]) 
or the quasiparticle GW approximation [85] for many other semiconductor materials [86]. 
For monolayer and bilayer MoS2 crystals, however, both HSE06 and GW approaches were 
found to overestimate the band gap energy by 0.3~1.0 eV [87-91]. Based on these facts, 
the relatively simpler GGA is employed in our analysis because I focus primarily on the 
relative variations in the electronic properties of bilayer MoS2 under different strain/stress 
conditions. For this purpose, results of different levels of theory are in mutual agreement 
with each other. It is well known that none of the existing popular DFT functionals (e.g., 
PBE and HSE06) are capable of describing the long-range vdW interactions [92]. As a 
consequence, they fail to yield correct results of the lattice parameters or the elastic 
properties of bulk MoS2 [93]. In This study, the conventional DFT energy is supplemented 
with a pairwise interatomic vdW potential which is determined by Tkatchenko and 
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Scheffler (TS-vdW) from non-empirical mean-field electronic structure calculations [92] 
to reproduce the structures and energetics of 2D materials. More details are provided in 
chapter 2.  
The evolutions of microstructures of these 2D CVD-grown structures with respects 
to strain require sufficiently large model/supercell to accommodate the complex strain 
transfer across different layers. While DFT simulations can provide insights in the effect 
of the presence of edges on the variation in the electronic structure and strain configuration, 
these simulations are limited to system size on the order of a few nanometers. It is likely 
that the effect of the presence of edges on the strain relaxation and the resulting electronic 
structure is more significant at the nanoscale dimensions of the layers and less significant 
at the micron scale dimensions as observed experimentally. As a result, classical molecular 
dynamics (MD) simulations are performed in this thesis to study the strain response of 
CVD-grown MoS2 structures at the experimental length scales. 
1.8.2 Classical Molecular Dynamics 
Molecular dynamics (MD) is a classical mechanics based methods which treats 
atoms as hard sphere particles and solves Newton’s equation of motions to obtain their 
trajectories [94]. The force on atom i is determined from the gradient of the potential: 
                                                            𝐹𝑖 = −∇𝑖𝑈                                                         (1.5) 
Then the acceleration of atom i is calculated by the Newton’s law: 
                                                            𝑎𝑖 = 𝐹𝑖/𝑚𝑖                                                         (1.6) 
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where 𝑚𝑖 is the mass of atom i. Take the third order of Taylor series of the position of at 
time t: 
                 𝑟(𝑡 + ∆𝑡) = 𝑟(𝑡) + 𝑣(𝑡)∆𝑡 + 1
2
𝑎(𝑡)∆𝑡2 + 1
3!
𝑟(𝑡)⃛ ∆𝑡3 + 𝑂(∆𝑡4)                      (1.7) 
                 𝑟(𝑡 − ∆𝑡) = 𝑟(𝑡) − 𝑣(𝑡)∆𝑡 + 1
2
𝑎(𝑡)∆𝑡2 − 1
3!
𝑟(𝑡)⃛ ∆𝑡3 + 𝑂(∆𝑡4)                     (1.8) 
add (1.7) and (1.8), the position of the next timestep 𝑡 + ∆𝑡  is  
                                       𝑟(𝑡 + ∆𝑡) = 2𝑟(𝑡) − 𝑟(𝑡 − ∆𝑡) + 𝑎(𝑡)∆𝑡2                                      (1.9) 
Equation (1.9) indicates that r(t + ∆t) is expressed with the previous r(t − ∆t) and current 
r(t) positions and the current acceleration 𝑎(𝑡). And the velocity of the current timestep 
can be estimated by: 
                                             𝑣(𝑡) = 𝑟(𝑡+∆𝑡)−𝑟(𝑡−∆𝑡)
2∆t
                                                              (1.10) 
Once the initial positions (initial structure) and velocities (e.g. from Boltzmann 
distribution) are given, the forces, accelerations, position, and velocities of the next 
timestep can be determined through equation (1.5) to (1.10). As a result, the complete 
trajectories of the system are available.  
As a result, the only input of MD calculation is the interatomic potential energy, 𝑈, 
which is usually fitted from ab-initio calculations such as DFT. The applicability and 
reliability of MD calculation rely on the availability of the interatomic potential. For MoS2, 
the reactive empirical bond-order (REBO) potential is chosen to describe in-plane covalent 
interaction of Mo-S system, because it is able to provide an accurate description of the 
structural energetics for bulk MoS2 (the in-plane lattice parameter a, the vertical S-S 
distance d, and the intra-layer lattice parameter c) as well as the bond breaking and 
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formation processes at extreme tensile and compressive stresses [95, 96]. The out-of-plane 
van der Waals (vdW) interaction between adjacent layers is described by pairwise Lennard 
Jones (LJ) potential.   
1.8.3 Key Questions being Addressed in this Thesis 
The understanding of the links between strains, structure, and electronic and 
mechanical properties in 2D TMDs will allow for the possibility of unprecedented 
performance improvements for the miniaturized electronic devices. The central focus of 
this dissertation is on the strain engineering of CVD-grown 2D TMDs, which undertakes 
several important tasks to gain a fundamental understanding of the relationship between 
the atomic scale structure, chemistry, strain and the electronic and mechanical properties 
of various configurations of CVD-grown 2D TMDs using DFT and MD simulations. These 
questions are listed below: 
A. What are the effects of applied strain on the electronic structure of CVD-grown 
MoS2 structures? The variations of band gaps at different regions of the as grown 
bilayer (monolayer, bilayer or edge region) will be investigated as a function of 
strain using DFT simulations. The local variations in band gap will be investigated 
and the strain configuration will be discussed. 
B. What roles do defects play in modifications of electronic and mechanical properties 
of CVD-grown MoS2 structures? The questions will be addressed using DFT 
simulations of MoS2 bilayer with defects. The modifications in electronic 
properties will be investigated by defect charge states whereas the mechanical 
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properties will be studied by computing the energy barrier required for sliding in 
various types of defect MoS2 bilayers. 
C. What are strain response for CVD-grown MoS2 multilayer at the length scale that 
is close to experiment? What is the possible mechanism for strain relaxation in these 
2D structures? What are the atomic scale mechanisms related to the formation of 
ripples in CVD-grown MoS2 structures? The evolution of microstructures of CVD-
grown multilayer structures will be studied using MD simulations. The origin of 
ripples will be uncovered from the microstructures at different applied strains.   
D. What are the strain response of CVD-grown bilayer MoS2 stacked triangles with a 
realistic edge configuration? What is the role of substrate in transferring strains? 
What are the atomic scale mechanisms related to the emergence of Moiré patterns? 
The questions will be addressed using MD simulations. The emergence of Moiré 
patterns and their correlations to strain relaxation will be discussed. 
E. What are the effects of applied strain on the electronic structure of bilayer WSe2 
and 2D HfS2? The question will be addressed using DFT simulations to study the 
band structure and band transitions of these 2D TMDs with respects to strain. 
As a result, the strain response of CVD-grown MoS2 structures will be investigated 
using two methods: (1) DFT method to study the modifications in electronic structures 
under various conditions related to strain engineering of CVD-grown structure; (2) MD 
method to prove the underlying mechanisms of the strain response of CVD-grown structure 
at the experimental length scale. The remainder of the thesis is organized as follows. 
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1.9 Summary of Chapters in this Dissertation 
In chapter 2, the strain dependence of the electronic properties of bilayer sheets of 
CVD-grown 2H-MoS2 is studied using DFT simulations. The variations in the local 
electronic structure (local density of states) due to the presence of edges are studied under 
varying strain conditions. The variations in band gap energies are observed across the 
layers under a tensile uniaxial strain, although they remain mutually interacting by vdW 
interactions. The deviation in their band gap energies grows from 0 to 0.42 eV as the 
uniaxial strain increases from 0% to 6% under both uniaxial strain and stress conditions. 
The deviation, however, disappears if a compressive uniaxial strain is applied.  
Chapter 3 discusses the role of presence of various types of vacancy defects on the 
modifications in the local electronic structure of bilayer MoS2 using DFT calculations. DFT 
calculations suggest that additional charge states are activated in the gap between the 
valence band and conduction band for the atoms neighboring the defects in the layer and 
in the layer above the defects. In addition, the DFT results indicate that the presence of a 
local defect lowers the energy barrier for strain relaxation of bilayer MoS2 attributed to 
sliding between the layers.  
Chapter 4 investigates the atomic scale mechanisms related to the formation of 
ripples in CVD-grown MoS2 structures using MD simulations. The model comprises of 
free standing few-layer MoS2 with complex edge configurations to mimic CVD-grown 
structures. MD simulations suggest that the CVD-grown structures are able to relax the 
applied in-plane strain through the nucleation of ripples at the various edges that propagate 
inwards under both tensile and compressive loading conditions. The origins of ripples are 
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found to be attributed to the presence of edges as MD simulations for the case of MoS2 thin 
films showed no ripple formation under the same loading conditions. 
Chapter 5 investigates the atomic scale mechanisms related to the emergence of 
Moiré patterns in CVD-grown MoS2 structures using MD simulations. Bilayer MoS2 
triangles are places over a substrate layer to mimic CVD-grown structure with realistic 
edge configurations. The MD simulations suggest that the strain subjected to the substrate 
is not able to completely transfer to the bilayered MoS2 sample, and the difference in the 
layer strain causes lattice match, which results in the formation of Moiré patterns. The 
emergence of Moiré islands is correlated to the reduction in the layer strain. 
Chapter 6 focuses on the effects of strain on electronic structure of other 2D 
materials: bilayer WSe2 and HfS2. The effect of vdW interaction and spin orbit coupling 
on the band structure of bilayer WSe2 are studied. DFT results indicate that the vdW 
interaction, SOC and Poisson effects may significantly influence the band edge locations 
and the gap energies of band transitions. As for 2D HfS2, distinct read shift under tensile 
strain and blue shift under compressive strain are observed, and the metallization of 2D 
HfS2 occurs around 10% at the compressive domain. 
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CHAPTER TWO 
2. EDGE EFFECTS ON ELECTRONIC STRUCTURE OF MOS2 
BILAYER 
2.1 Introduction 
As shown in chapter 1, there is a rapidly growing interest in investigating the band 
gap of 2D MoS2 materials through strains and stresses to further exploit their potential for 
use in various electronic and optoelectronic applications [20, 90, 97-102]. An example 
setup of the strain device is shown in Figure 1.13. In these experiments [46, 90, 97, 101],  
the magnitude of the strain in the sample is estimated by the deflection of the substrate 
because the sample and the substrate are assumed to bear the same degree of mechanical 
deformation. While this assumption is generally true if an ultrathin film is clamped on the 
substrate by strong covalent bonds, it does not necessarily hold for a 2D sample that is 
weakly adhered to a substrate by long-range vdW interactions. The local strain in 2D 
materials can be mapped through aberration-corrected high-resolution transmission 
electron microscopy. This approach has recently been realized in single-crystal and bi-
crystal graphene membranes [103], but, unfortunately, has not yet been applied to MoS2 
films under mechanical deformations.  
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Alternatively, theoretical simulations based on DFT are able to provide some 
insights into this problem. There has been a considerable effort to understand the variations 
in the electronic band structures of bilayer MoS2 [90, 99, 102, 104, 105]. These studies are 
consistent with the experiments that Eg of bilayer MoS2 is red shifted under a uniaxial 
strain. They are performed under the mechanical boundary condition (MBC) wherein the 
top and the bottom layers are of the equal size and are always subject to an identical amount 
of strain or stress.  
However, the CVD-grown MoS2 flakes comprise of a small top layer on top of a 
large base layer, as shown in Figure 2.1 (a) [62].  The response of such 2D bilayer structures 
Figure 2.1 (a) AFM image of CVD-grown bilayer MoS2. Step height measurement (b) 
from monolayer to bilayer, and (b) from SiO2/Si substrate to monolayer. (d) PL intensity 
map of MoS2 bilayer. Reproduced from Ref. [62]. 
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with unequal dimensions is likely to create an inequality in the amounts of strain in the two 
layers and hence inhomogeneous electronic properties, such as ununiform distribution of 
PL intensity as shown in Figure 2.1 (d) [62]. A recent Raman spectroscopy experiment 
demonstrates that relative sliding occurs between a 2D graphene film and the supporting 
SiO2/Si substrate when the film is mechanically pulled from one side [106]. This finding 
implies that the degree of the strain in a 2D sample may be different from that in the 
substrate. Similarly, in a bilayer sample the top and the bottom layers can be subject to 
different magnitudes of strain as well. It is feasible that the top layer is more apt to relax 
the strain by atomic displacements as it is weakly bound to the substrate compared to 
bottom layer. Due to this complexity, the strain configuration of the bilayer MoS2 samples 
in those experiments has to be identified to obtain a better understanding in the effect of 
strain on their electronic band structure. This chapter discusses DFT simulations aimed to 
investigate the effect of strain in bilayer MoS2 films under a less constrained MBC that 
allows the top layer with an edge to relax under the presence of a uniaxial strain in the 
bottom layer.  
2.1 Computational Details 
The structure of an infinitely large bilayer MoS2 sheet in the 2H stacking sequence 
is shown in Figure 2.2(a). This structure is characterized by the in-plane lattice parameters 
a0 and b0 ( 0 03b a ), the Mo-Mo interlayer distance l and the Mo-S bond length d0 along 
the vertical [0001] direction [Figure 2.2(a)]. Such a unit cell is used to calculate the 
electronic properties of relaxed (i.e., unstrained) bilayer MoS2, but any uniaxial mechanical 
deformation on this structure will generate identical strain states in the top and the bottom 
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layers. Therefore, a supercell is constructed based on the unit cell structure to enable 
different atomic and lattice relaxations between the two layers.  
As schematically shown in Figure 2.2(b), the supercell is rectangular in the basal 
(xy) plane. The top layer is of the same lattice size as the bottom layer along the y direction, 
but relatively smaller along the x direction. Three dimensional periodic boundary 
conditions are applied in the calculations so that the bottom MoS2 layer is actually infinitely 
large while the top layer is composed of infinitely long nanoribbon arrays along the y 
direction. A vacuum space of 20 Å thick is used along the vertical [0001] direction of the 
supercell shown in Figure 2.2(b) to prevent unphysical interactions between adjacent 
images along this direction.   
Figure 2.2 (a) Top view and side view of an infinitely large bilayer MoS2 sheet, and (b) 
schematic show of the bilayer supercell used in this study. 
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Two types of supercells with distinct nanoribbon growth orientations (and hence 
edge terminations) are considered in this study:   
(1) x//[1120]  and y//[1100]  with armchair edges along the y direction, and the bottom 
and the top layers are 14ua0 and 8ua0 wide along the x direction, respectively 
[Figure 2.3(a)]; 
(2) x//[1100]  and y//[1120]  with zigzag edges along the y direction, and the bottom and 
the top layers are 13ub0 and 9ub0 wide along the x direction, respectively [Figure 
2.3(b)]. 
Each supercell is investigated under two MBCs in the basal xy plane to simulate a bilayer 
MoS2 film that is exfoliated onto a deflected substrate: 
(1) uniaxial strain condition along the x direction with εx≠0, εy=0, Vx≠0, and Vy≠0, 
where εx and εy (Vx and Vy) are the average strains (stresses) of the entire supercell 
along the x and y directions of Figure 2.2(b), respectively; 
(2) uniaxial stress condition along the x direction with εx≠0, εy≠0, Vx≠0, and Vy=0. 
Under both MBCs, εx is taken as the parameter in the calculations and is varied from -6% 
to 6%.  
The width of the top layer nanoribbon is ~2.5 nm and 4.9 nm in Figure 2.3 (a) and 
(b), respectively, much narrower than the experimentally fabricated bilayer MoS2 
nanoflakes or ultrathin films (~100 nm or wider). Such simulations, however, are beyond 
the capability of DFT calculations, even using modern high performance computational 
clusters. Therefore, the size of the crystal structure is compromised here. But the 
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nanoribbon of the top layer is wide enough to ensure that the dangling bonds of the edge 
atoms (R4 in Figure 2.3) will not affect the electronic band energy at the center of the 
supercells (R2 and R3 in Figure 2.3). In other words, the central part of such stripes can at 
least partially represent the inner part of an experimentally obtained bilayer MoS2 
nanoflake or ultrathin film. Also, the spacing between adjacent periodic images of the 
nanoribbons in the basal plane is large enough to prevent unphysical interactions between 
the images. To verify if the relatively narrow stripes used in this study can provide reliable 
and useful results that guide further experiments, I first increase the width of the top layer 
stripe in Figure 2.3(a) by 50%. The results of DFT calculations on the wider construct show 
no noticeable differences compared to the narrower ones and hence it is expected that the 
results scale up with the size of the bilayer structures. In principle, one can use molecular 
dynamics (MD) simulations to investigate strain effects in bilayer configurations that are 
close to experimentally fabricated structures.  
Figure 2.3 Top views of the pre-relaxed bilayer supercells with (a) armchair edges [Type (1)] 
and (b) zigzag edges [Type (2)] in the top layer. R1 is the region in the bottom layer with a 
monolayer situation, while R2 and R3 are regions analogous to bilayer MoS2. 
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DFT calculations are carried out using projector augmented wave pseudo-
potentials[107] as implemented in the VASP code [108]. A cutoff energy of 500 eV for the 
plane-wave expansions and a Monkhorst–Pack k-point mesh of 15u15u1 in the first 
Brillouin zone is found to yield well-converged results of the unit cell of the infinitely large 
bilayer MoS2 sheet [Fig.1(a)]. The number of k-points are reduced to 1u9u1 and 1u15u1 
for the supercell structures in Figs. 2(a) and (b), respectively. The atomic positions are 
optimized until all components of the forces on each atom are reduced to values below 0.01 
eV/Å. The exchange-correlation functional is treated within the Perdew–Burke–Ernzerhof 
(PBE) generalized gradient approximations (GGA) [109].  
To test the validity of this method, I first compute the lattice parameters (a0, l0, and 
d0, see Figure 2.1 for details), the elastic stiffness tensor (Cij), and bulk modulus (B0) of 
bulk 2H-MoS2 with space group P63/mmc. Cij of this crystal structure has five independent 
components in the contracted notation, namely, C11, C12, C13, C33, and C44, and B0 are given 
by [110] 
                                
13331211
2
13331211
0 42
)(
CCCC
CCCCB

                           (1.4) 
The results of a0, l0, d0, Cij, and B0 from pure PBE calculations and PBE with TS-vdW 
calculations are listed in Table 1.2, from which it is obvious that the usage of TS-vdW 
leads to a much better agreement with the experimental values [111, 112]. The values of 
a0, l0, and d0 in an infinitely large bilayer MoS2 sheet are reported in Table 2.1 as well. 
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Table 2.1: Lattice constants (a0, l0, and d0, unit: Å), elastic stiffness coefficients (C11, 
C12, C13, C33, and C44, unit: GPa), and bulk modulus (B0, unit: GPa) of bulk 2H-MoS2. 
Values in parentheses are results of bilayer 2H-MoS2. 
 a0 l0 d0 C11 C12 C13 C33 C44 B0 
This Work (PBE) 3.190 7.081 1.565 182.1 50.3 3.9 13.0 -1.6 12.3 
This Work (PBE 
with TS-vdW) 
3.158 
(3.158) 
6.056 
(6.053) 
1.560 
(1.566) 
218.8 51.3 5.4 47.3 14.1 37.7 
Other DFT (PBE 
with TS-vdW) 
3.160a 6.015a 1.564a      41a 
Experiment 3.160b 6.147b 1.586b      53c 
a Ref. [93], b Ref. [111], and c Ref. [112] 
As a result, to correctly describe the structure and energy of the fewlayer TMDs, a 
supplemental TS-vdW interaction is needed to add to the conventional ground state energy 
to account for the interlayer coupling [113]. 
2.3 Edge Effects on Strained MoS2 Bilayer Structure   
The mechanical deformations and electronic properties of the two types of 
supercells are investigated in this section under the uniaxial loading conditions. I 
characterize the local microscopic deformations in the supercells with two parameters. The 
first parameter is the local uniaxial strain LxH in the basal plane. It is defined as 
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    0 0( )
L
x a a aH   ,     (2.2) 
    0 0( )
L
x b b bH   ,     (2.3) 
in Types (1) and (2) supercells, respectively. Here a0 and b0 are the in-plane lattice 
parameters of infinitely large MoS2 sheets (Figure 2.2), and a and b are the local in-plane 
atomic spacing in R1, R2, or R3. The second parameter is the relative change in the 
average Mo−S bond distance (ΔL) in the supercell defined as 
           
 0 0( )L L L L'   ,     (2.4) 
where L0 and L are the average local bond distances in the equilibrium unstrained and 
strained supercells, respectively. 
Figure 2.4 (a) Charge density of the dangling bonds of edge atoms in the top layer stripe, 
(b) local band gap energy (Eg) map, (c) local strain map under a uniaxial strain εx=4%, and 
(d) local Eg map of a Type (1) supercell under εx=4%. 
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The uniaxial strain condition, i.e. MBC (1), is first applied to the supercells. From 
Figure 2.4(c), the overall mechanical deformation in the bottom layer is much stronger in 
the bottom layer than in the top layer. As a result, the local band gap energy in the bottom 
layer [Figure 2.4(d)] is significantly decreased from the strain-free values [Figure 2.4(b)] 
whereas local Eg in the top layer stripe is little affected. LxH , ΔL, and relative variation in 
local band gap energy (ΔEg) at εx=2 % in R1, R2, and R3 are given in Table 2.2.  
Table 2.2: Local uniaxial in-plane strain ( LxH ), average variation in Mo−S bond lengths 
(ΔL), and relative changes in band gap energy (ΔEg) in the strained supercells at εx=2 % 
under MBC (1). 
Type of 
Supercell 
 R1 R2 R3 
(1) 
L
xH  2.083 % 1.640 % 0.161 % 
ΔL 0.298 % 0.264 % 0.061 % 
ΔEg −8.5 % −13.6 % −3.1 % 
(2) 
L
xH  2.410 % 1.638 % 0.520 % 
ΔL 0.341 % 0.226 % 0.058 % 
ΔEg −14.5 % −13.5 % −7.1 % 
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Here ΔEg is taken as         
    0 0( ) /g gg gE E EE'   ,    (2.5) 
where Eg0 is the strain-free local band gap energy in the supercells and are reported in 
Figure 2.5. From Table 2.2, there exists a positive correlation between the degree of lattice 
deformation ( LxH  and ΔL) and ΔEg. In both types of supercells, the central part of the top 
layer nanoribbon (R3) is much less deformed by the uniaxial strain than the bottom layer 
(R1 and R2). As a consequence, ΔEg in R3 is much smaller than that in R1 or R2. It is 
noted that for a given εx and LxH , ΔL, and ΔEg are similar in Types (1) and (2) supercells 
Figure 2.5 Density of states (DOS) in selected regions (R1, R2, R3, and R4) of (a) 
Type 1 supercell and (b) Type 2 supercell, and (c) DOS of infinitely large monolayer 
and bilayer MoS2 sheets. 
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(see Table 2.2 as an example). Therefore, only the results of the Type (1) supercell will be 
presented in the rest of this section. Next, the supercells are studied under MBC (2), i.e., 
the uniaxial stress condition. In this case, the y direction of the supercells shown in Figure 
2.3 is stress free (Vy=0). This is achieved by introducing a commensurate strain εy to relax 
the supercell lattice along the y direction under the presence of εx. As an example, εy=−0.43 
% for εx=2 % in Type (1) supercell. Note that εy is equally applied to the bottom and the 
top layers because these layers are of the same lattice size along the y direction [see Figure 
2.3].  
The results show that ΔL and ΔEg in R1, R2, and R3 under MBC (2) are always 
smaller than the values under MBC (1) for a given εx. This can be seen by comparing the 
values in Tables 2.2 and 2.3. These reductions under MBC (2) are due to the additional 
atomic relaxations along the y direction. The overall band gap difference between R2 and 
R3 is 0.12 eV under MBC (2), the same as the value under MBC (1). This indicates that εy 
does not affect the relative band offset in the central regions of the bilayer structure (R2 
and R3).  
Table 2.3: LxH , ΔL, and ΔEg in the Type (1) supercell at εx=2 % under MBC (2). 
 R1 R2 R3 
L
xH  2.129 % 1.735 % 0.396 % 
ΔL 0.238 % 0.217 % 0.031 % 
ΔEg −6.9 % −10.3 % −0.7 % 
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Finally, the analysis on the strain effect is expanded to a broader range of the 
uniaxial strain in the supercell. LxH  and ΔL in R1 and R2, and R3 change monotonically as 
a function of εx for −6 %<εx<6 %. The local strain LxH  in R1 and R2 roughly equal εx, but 
L
xH  in R3 is always smaller by an order of magnitude [Table 2.3]. For example, LxH = 0.57 
% for εx=4 %, and LxH = −0.25 % for εx = −4 % (Table 2.3). Similarly, ΔL in R3 is much 
smaller as compared to that in R1 and R2 for a given εx. This indicates that the mismatch 
in lattice deformation between the top and the bottom layers increases with an increasing 
uniaxial strain that is applied on the bottom layer. This mismatch in the lattice deformation 
is attributed to the free edges of the top layer nanoribbon that enable more degrees of 
freedom to relax the strain.  
The local band gap energies in R1, R2, and R3 are reported in Table 2.4 as a 
function of εx, from which one can see that the difference in Eg between R2 and R3 grows 
with an increasing εx in the tensile strain domain, but remains almost 0 eV in the 
compressive strain domain. Eg in R1 decreases monotonically as LxH  increases from 0 to 6 
% in the tensile strain domain, but it increases first from εx = 0 to LxH = −2 % and then drops 
for further in-plane compressions. This trend is analogous to that in infinitely large 
monolayer MoS2 sheets under a uniaxial strain. The segmented variation trends of Eg 
originate from the shifting of VBM and CBM locations in the reciprocal space under 
different strain domains[99][114]. In monolayer MoS2, VBM is shifted from the K point 
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for LxH  < 1 % to the Γ point for LxH ≥1 % and CBM is shifted from the Σmin point (midpoint 
between K and Γ) for 
L
xH  ≤ −1 % to the K point for LxH > −1 %. 
Table 2.4: LxH and ΔEg in the Type (1) supercell for different εx values under MBC (1). 
εx 
R1 R2 R3 
L
xH  Eg LxH  Eg LxH  Eg 
−6 % −5.94 % 1.75 eV −5.90 % 1.34 eV −0.10 % 1.34 eV 
−4 % −4.01% 1.81 eV −3.90 % 1.32 eV −0.25 % 1.32 eV 
−2 % −1.93 % 1.87 eV −1.94 % 1.30 eV  −0.05 % 1.29 eV 
0 0 1.76 eV 0 1.26 eV 0 1.26 eV 
2 % 2.08 % 1.61 eV 1.84 % 1.09 eV 0.16 % 1.22 eV 
4 % 4.11 % 1.41 eV 3.79 % 0.88 eV 0.57 % 1.19 eV 
6 % 6.31 % 1.20 eV 5.76 % 0.73 eV 0.60 % 1.15 eV 
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To investigate if these results are affected by system size, additional DFT 
simulations are carried out for the unit cell in Figure 2.4 with a wider top layer stripe. It 
can be seen that the calculated local strain and band gap energies in the wider bilayer 
structure (Figure 2.6) are very close to the results in Figure 2.4. These results suggest that 
the trends are similar for bilayer structures with larger dimensions of the top layer in the 
MoS2 bilayer structures. A more precise study to investigate strain effects in larger 
dimension structures will need molecular dynamics (MD) simulations to look into the 
Figure 2.6 (a) Local band gap energy (Eg) map of the wider unconstrained Type (1) 
supercell. (b) local Eg map of the wider Type (1) supercell under a uniaxial strain εx=4%.  
(c) local strain map of the wider Type (1) supercell under εx=4%. 
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strain configuration of a bilayer MoS2 that span dimensions ranging from several hundred 
nanometers to tens of microns in the top layer.  
2.4 Conclusions 
In summary, first principles DFT calculations are performed to study the effect of 
strain in 2D bilayer MoS2 materials. The modeled bilayer structure is different from the 
conventional unit cell; it is composed of an infinitely large bottom layer and arrayed 
nanoribbons in the top layer. The edges of the nanoribbons allow the top layer to have more 
flexibility in terms of atomic relaxation compared to the bottom layer. As such, this model 
can be used to simulate a bilayer MoS2 flake wherein the top layer is significantly smaller 
than the bottom one. The two layers are found to be subjected to different local strains 
under a tensile uniaxial strain/stress condition in the basal plane. The local strain LxH , 
variation in the Mo−S bond length ΔL, and the variation in band gap energy ΔEg at the 
center of the top layer are substantially smaller than those in the bottom layer under a tensile 
uniaxial strain/stress condition. The separation between the two band gap energies 
increases with an increasing uniaxial strain in the tensile strain domain. These results 
demonstrate that distinct band gap energies can be induced/achieved in the bilayer 
structures under tensile uniaxial strain. Such variations need to be accounted for when 
analyzing strain effects on electronic properties using experimental methods or in 
continuum models. These variations are likely to change with the dimensions and number 
of layers in multilayered structures. The possibilities to have distinct band gap energies 
under loading conditions of tensile strain for multilayered 2D structures show promise for 
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the use of strain engineering to generate inhomogeneous electronic properties for the 
design novel vertical transistors based on 2D stacked films. 
The length scale of these novel phenomena is usually hundreds of nanometers or 
larger, which is beyond the capability of DFT studies. Therefore, a detailed investigation 
on these effects on is not included in this chapter. Molecular dynamics (MD) will provide 
more insights into strain effects in multiple layer MoS2, which will be discussed in chapter 
4 and 5.  
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CHAPTER THREE 
3. ROLES OF DEFECTS ON ELECTRONIC AND MECHANICAL 
PROPERTIES OF BILAYER MOS2 
3.1 Introduction 
The CVD grown MoS2 sheets suggest the presence of intrinsic defects such as 
vacancies, interstitials and grain boundaries that are inevitable to form during the growth 
process [64]. It has been reported that these defects may be responsible for the reduced 
mobility in CVD-grown MoS2 [115].  Therefore, A large number of theoretical [67, 116-
128] and experimental [44, 65, 127, 129-133] efforts have been devoted to the fundamental 
understanding of the effects of defects on the modifications of the electronic, optical and 
transport properties. Ab initio calculations have demonstrated that the presence of defects 
in monolayer MoS2 may introduce additional charge states at valence band maximum 
(VBM) or within the mid gap region [120, 124, 126, 128]. The mid gap states are observed 
by STM measurements at energies within the band gap, which confirms these charge states 
have either a triangular or circular shape in STM imaging [127]. These defect states activate 
new optical transitions and thus modify the optical and transport properties [122]. For 
example, due to the presence of point defects, the free electrons are drained from the 
materials via the charge states at defect sites, and the charged excitons are transitioned to 
neutral excitons. Such a transition is found to significantly enhance the overall PL intensity, 
especially at low temperature and in gas environments such as N2 [65]. The presence of 
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defects alters the relative intensities of Raman peaks in monolayer MoS2 [134] and also 
provide opportunities through doping to introduce long-range ferromagnetic ordering [135] 
and exhibit a Curie temperature in greater than room temperature [136]. Such modifications 
in the electrical, optical, vibrational, magnetic, and chemical properties of the materials 
opens up the possibility of “defect engineering” [43] to tailor the properties for desired 
applications. For example, it is possible to create multi-bandgap semiconductors by 
introduce point defects in the pristine 2D structures to obtain a broad spectrum response in 
the electronic devices [65]. However, in some cases the performance of the devices may 
be downgraded at the presence of defects because the activated charge states are likely to 
cause Fermi-level pinning [121]. As a result, defect engineering of 2D materials requires a 
Figure 3.1 Atomic resolution ADF image of intrinsic defects found in CVD-grown 
monolayer MoS2. Reproduced from Ref. [64]. 
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fundamental understanding of the role of defects on the modifications in the local electronic 
structure.    
However, the current understanding of the role of defects is largely limited to single 
layer MoS2, while the effects of defects on bilayer MoS2 remain unknown. It is unclear 
whether the modifications in electronic properties in the layer containing a defect are local 
or are also transferred to its adjacent perfect layer. As a result, it is important to understand 
the modification in electronic properties as well as the mechanical behavior of few-layered 
MoS2 structures due to the presence of defects in CVD-grown structures. The electronic 
structure is investigated by investigating the charge states that are generated in the atoms 
surrounding the vacancies and the mechanical behavior is studied by investigating the 
energy barriers for sliding in bilayer MoS2 structures.  
3.2 Simulation Details and Structural Relaxation 
DFT calculations are carried out using projector augmented wave pseudo-potentials  
[137] as implemented in the VASP code [138]. The relatively large cutoff energy (600 eV) 
for the plane-wave expansions is selected to accurately determine the sliding energy 
barrier. The Monkhorst–Pack k-point mesh is 3u3u1 for relaxation and 5u5u1 for density 
of states (DOS) calculations. The exchange-correlation functional is treated within the 
Perdew–Burke–Ernzerhof (PBE) generalized gradient approximations (GGA) [139]. The 
conventional DFT energy is supplemented with a pairwise interatomic vdW potential 
which is determined by Tkatchenko and Scheffler (TS-vdW) from non-empirical mean-
field electronic structure calculations [113]. The atomic positions are optimized until all 
components of the forces on each atom are reduced to values below 0.02 eV/Å.  
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Five types of vacancy-doped structures observed in CVD-grown few-layered MoS2 
[64] are investigated in this study: (a) single sulfur vacancy (VS), (b) double sulfur vacancy 
(VSS), (c) single molybdenum vacancy (VMo), (d) complex vacancy of one Mo and three 
surrounding sulfur atoms in one plane (VMoS3), and (e) complex vacancy of one Mo and 
six surrounding sulfur atoms (VMoS6). In addition, the defect-free pristine MoS2 bilayer is 
also investigated to identify the modification in the electronic structures due to the presence 
of defects. An orthogonal unit cell comprised of 12 atoms with a lattice dimension of 3.17 
Å × 5.46 Å is used for pristine bilayer MoS2. For defect structures, a 3 × 3 supercell is 
adopted to lower vacancy concentration and avoid interaction between vacancy images in 
Figure 3.2 Top view of the relaxed structure of five-types of vacancy-doped MoS2 bilayer:  
VS, VSS, VMo, VMoS3 and VMoS6. The defect sites are indicated by dashed circles, and the 
direct neighbors of vacancies are denoted in different colors. 
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neighboring supercells. The vacancies are created at the center of the bottom layer by 
removing the corresponding atom(s) in the vacancy site(s). The top view of defect 
structures is displayed in Figure 3.2, in which the regular and defect sites are indicated by 
solid ball and dashed circle, respectively.  
The relaxed MoS2 bilayer structures with five types of defect configurations are 
shown in Figure 3.2. It should be noted that only the bottom layer containing the defect is 
shown here. The vacancy sites are indicated by dashed circles, and the direct neighbors to 
the vacancy atoms (i.e. with dangling bonds) are descripted in different color: blue for Mo 
neighbor, pink for S neighbor. The in-plane alignment of atoms suggest that the doping of 
vacancies leads to inward displacement of the direct neighbors to defect sites, which is also 
observed in defect structures of monolayer MoS2 [123]. Such a displacement results in the 
modification/perturbation of bond lengths as compared to that in a pristine bilayer. Table 
3.1 lists the binding energies for each type of defect as well as the bond length variations 
of the defect structures. The binding energies are calculated by 
𝐸𝑏 =
1
𝑛𝑀𝑜 + 𝑛𝑆
(𝐸𝑑𝑒𝑓 + 𝑛𝑀𝑜𝜇𝑀𝑜 + 𝑛𝑆𝜇𝑆 − 𝐸𝑝𝑟𝑖𝑠𝑡) 
where  𝑛𝑀𝑜 (𝑛𝑆) is the number of Mo (S) vacancies, 𝜇𝑀𝑜 (𝜇𝑆) is the energy of one Mo (S) 
atom, 𝐸𝑑𝑒𝑓 is the energy of defect structure, and 𝐸𝑝𝑟𝑖𝑠𝑡 is the energy of pristine structure. 
The chemical potential is assumed as the energy of an isolated atom. 
  
64 
 
Table 3.1. Binding energies and structural relaxation of five types of vacancy-doped MoS2 
bilayer. Nd is the number of direct neighbors to the defect sites. Nb is number of vacancy-
affected bonds. Rmin, Rmax, Rmean, and σ is the minimum, maximum average and standard 
deviation of the vacancy-affected Mo-S bond length, respectively. a1 and a2 are vacancy-
affected Mo-Mo bond length; b1, and b2 are vacancy-affected S-S bond length. The 
formation energies have units of eV and the bond lengths have units of Å. 
 
Eb Nd Nb 𝒅𝒎𝒊𝒏𝑴𝒐−𝑺 𝒅𝒎𝒂𝒙𝑴𝒐−𝑺 𝒅𝒎𝒆𝒂𝒏𝑴𝒐−𝑺 σ a1 a2 b1 b2 
Pristine N/A N/A N/A 2.40 2.40 2.40 0 3.16 3.16 3.16 3.16 
VS 5.91 3 15 2.37 2.39 2.38 0.008 3.06 3.06 3.07 3.07 
VSS 5.89 3 12 2.38 2.39 2.38 0.003 2.84 2.85 3.01 3.07 
VMo 14.18 6 12 2.36 2.37 2.36 0.005 3.21 3.07 3.23 3.22 
VMoS3 6.73 9 28 2.26 2.39 2.36 0.051 3.19 3.21 3.23 2.86 
VMoS6 6.37 6 24 2.33 2.46 2.38 0.053 3.57 2.59 3.16 3.02 
 
As shown in Table 1, di-sulfur vacancy has the lowest binding energy among all 
the investigated types, while single Mo vacancy requires largest energy to form. Nd is 
defined as the number of direct neighbors. Nb is the number of vacancy-affected Mo-S 
bonds (i.e. bonds with direct neighbors). Here, 𝑑𝑚𝑖𝑛𝑀𝑜−𝑆 , 𝑑𝑚𝑎𝑥𝑀𝑜−𝑆 , 𝑑𝑚𝑒𝑎𝑛𝑀𝑜−𝑆 , and σ are the 
minimum, maximum average and standard deviation of the vacancy-affected Mo-S bond 
length, respectively. The vacancy-affected Mo-Mo bond lengths are defined by a1 and a2, 
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while b1, and b2 are vacancy-affected S-S bond lengths. For all the five defect structures, 
the Mo-S bond lengths (𝑑𝑚𝑒𝑎𝑛𝑀𝑜−𝑆) reduce by 0.02 Å ~ 0.04 Å as compared to pristine structure 
(2.40 Å). The complex vacancies (VMoS3 and VMoS6) exhibit larger fluctuations in Mo-S 
bonds due to the larger number of defect sites.  The in-plane Mo-Mo and S-S bonds show 
more pronounced variation (up to 18%).  These changes in bond lengths are likely to result 
in modifications in electronic properties. The role of these modifications in the bonding 
environment of defect sites is discussed below. 
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3.3 Electronic Properties Defect MoS2 Bilayer 
The modifications in the electronic properties due to point defects are investigated 
using the density of states (DOS) of atoms in defect structures in comparison to those in 
pristine MoS2 bilayer. The energies are referred to the fermi levels of the system, i.e. 0 eV 
corresponds to the Fermi level of the investigated structure. As shown in Figure 3.3, 
additional charge states (labeled 1-4) are activated in defect structures in the band gap 
region or near the band edges for bilayer structures with VS, VSS, VMo, VMoS3, and VMoS6 
defects. The energies of these states are displayed in Figure 3.4. The conduction band 
Figure 3.3 Comparison of total density of states between pristine and defect structures: (a) 
VS, (b) VSS, (c) VMo, (d) VMoS3 and (e) VMoS6. The defect charge states are labeled by 
numbers. 
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minimum (CBM) and valance band maximum are indicated by dash lines to show the band 
edges. A charge state at 0.73 eV is observed for VS, while multiple states are activated for 
other types. It is clearly shown that most of the defect charge states locate within the gap 
region, which could be employed to develop multi-bandgap semiconductors for wide-
spectrum devices. 
In addition, partial density of states for atoms near the vacancy sites are investigated 
to study the variations in orbital contributions due to the defects. The on-site projected 
DOS from major contributed atomic orbitals (d orbitals for Mo atoms and p orbitals for S 
atoms) are included. Four representative atoms are selected to determine the effects of 
vacancies: Mo and S in bottom layer adjacent to the vacancy site(s) (denoted as Mo1, and 
S1, respectively), Mo and S in top layer atop the vacancy site(s) (denoted as Mo2 and S2, 
respectively). The pDOS of these four atoms in VS-doped bilayer in comparison with the 
Figure 3.4 The energies of defects charge states for various types of vacancies. The band 
edges of pristine structure are indicated by dashed line. 
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pristine bilayer system are shown in Figure 3.5. As indicated by the total pDOS of pristine 
bilayer MoS2 (dashed orange line), the band gap energy of clear bilayer MoS2 is 1.2 eV, 
which is consistent with the previous studies [54, 140].. Similar to sulfur deficient 
monolayer MoS2 [118, 121, 128], two distinct defect states are clearly observed in pDOS 
of VS-doped bilayer (solid line) as compared to those of pristine structure (dashed line). 
The first state is located below the valence band edge (around -0.6 eV), and another is close 
to the conduction band maximum (CBM), around 0.73 eV. The pDOS of all the four atoms, 
either in top or bottom layer, are affected by the presence of the vacancy. The bottom layer, 
where vacancy situates, is observed to be modified to a larger extent, which can be implied 
from the much more significant peaks in pDOS of the atoms (Mo1 and S1) in the bottom 
layer. On the other hand, the contributing orbitals for the two defect states are noticeably 
different. For the first state, the major contributing orbitals are 𝑑𝑥𝑧 + 𝑑𝑦𝑧 for Mo1 atom, 
𝑑𝑧2 for Mo2 atom, and 𝑝𝑧 for S1 and S2 atom.  The second states are mainly contributed 
from 𝑑𝑥2 + 𝑑𝑥𝑦  for Mo atoms and 𝑝𝑥+𝑦  for S atoms. As a result, the in-plane orbitals 
dominate in the second defect state for all the four atoms, which suggests that this state 
may be related to the structural reconstruction within the plane. 
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Figure 3.5 Partial density of states of different atoms in VS-doped MoS2 bilayer: (a) 
Mo1, (b) Mo2, (c) S1, (d) S2. Inserted plots illustrate the orbital contributions of the 
defect states. 
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Figure 3.6 Partial density of states of Mo1 atom for different types of defect MoS2 bilayer: 
(a) VSS, (b) VMo, (c) VMoS3, (d) VMoS6. Inserted plots illustrate the orbital contributions of 
the defect states. 
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The effects of different types of vacancies on modification of pDOS are presented 
in Figure 3.6. Because Mo and S atoms show similar charge state for the same defect type, 
only the pDOS of Mo1 atoms are shown here. It is found that more defect charge states 
appear with the increasing number of vacancies. For di-sulfur deficient structure (Figure 
3.6(a)), additional defect state arises at the conduction band edge, which is mainly 
contributed by 𝑑𝑥𝑧 + 𝑑𝑦𝑧  orbitals. In VMo-doped structure (Figure 3.6(b)), three defect 
charge states are observed: two distinct states at 0.2 eV and 0.54 eV in the mid gap region, 
and a shallow state at -0.83 eV below the VBM. In two complex types of vacancy VMoS3 
and VMoS6, the pDOS are considerably changed. The VMoS3 (Figure 3.6(c)) causes four 
sharp charge states, three in the mid gap region, one below the VBM. In VMoS6-doped 
structure (Figure 3.6(d)), six distinct defect states are observed.  
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The nature of the defect charge states can be further investigated by the partial 
charge density within the energy range of the corresponding states. For example, the charge 
density within the energy range of the second defect charge state (0.73 eV) of VS-doped 
structure is presented in Figure 3.7(a). Only atoms in the bottom layer are shown because 
the charge density for atoms in the top layer is negligible under the selected isosurface 
Figure 3.7 : Charge density of the defective states around 0.73 eV in the mid gap region 
(peak 1) for the bottom layer for vacancy type of VS. and projected charge density along 
Mo plane of the defect states around 0.73 eV. 
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(0.003 e/Bohr3). It is clearly shown that the defect state preserves the trigonal symmetry in 
VS-doped structure, and has a triangular shape, which is frequently observed in the atomic 
resolution STM images of native point defects in MoS2 single layer [127]. The defect state 
is mainly contributed by Mo1 atom with a hybridized orbital shape of 𝑑𝑥2 , 𝑑𝑥𝑧 and 𝑑𝑧2, 
which is consistent with the observations in the pDOS plot (Figure 3.5(a)). The 𝑑𝑥𝑧 orbitals 
of three Mo1 atoms overlap with each other and form a bonding with a triangle shape. The 
S1 atom has a slightly distorted 𝑝𝑧 symmetry. The projected charge density on Mo plane 
of the bottom layer is presented in Figure 3.7(b), from which, one can conclude that the 
defect state is rapidly diminished in the atoms far away from the vacancy site. The charge 
density and the projected charge density along Mo plane in the bottom layer for the other 
four vacancy types around various energy levels are presented in Figure 3.8. For all the 
four types of vacancies considered in this study, the activated charge states are limited in 
Figure 3.8 Charge density of the defective states and projected charge density along Mo 
plane of the defect states in the mid gap region for the bottom layer for other four types of 
vacancies. The peaks are numbered the same as Figure 3.3. 
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the atoms near the vacancies. Therefore, the effects of defects are anticipated to be confined 
within the local regions. The modifications of electronic properties due to the presence of 
defects are, hence, localized around atoms adjacent to the vacancies. 
3.4 Strain Response of Vacancy-doped MoS2 Bilayer 
These defects also determine the strain response of bilayer MoS2 system. The band 
gap energy of the multilayer MoS2 terrace structure are observed to shift at a random layer 
[141]. The shift is speculated to be attributed to the sliding of the layers, which are caused 
by the relatively lower energy barrier for sliding in regions with defects [141]. As a result, 
the effect of presence of defects on the energy barriers for sliding are investigated using 
DFT simulations. The energy barriers for a pristine bilayer MoS2 structure can be obtained 
along zigzag sliding pathway through AA’-AB’-AA’, which is demonstrated to be most 
energetically favorable for bilayer MoS2 [141-144]. It starts from AA’ stacking, noted by 
sliding coordinate = 0 (SC=0). AA’ stacking is the normal 2H phase (Figure 3.9 (a)), in 
which the S atoms in the bottom layer are eclipsed by the Mo atoms in the top layer. The 
optimized route is along zigzag direction as indicated by the black arrow. Four intermediate 
stacking sequences (SC = 1, 2, 3, 4) are selected to obtain the energy profiles along zigzag 
pathway AA’ - AB’. In AB’ stacking (SC=5), S atoms in the top layer are situated at the 
hexagonal hollow site, and Mo atoms in the top layer are over Mo atoms in the bottom 
layer. The sliding direction rotates 1200 and shifts back from AB’ (SC=5) to AA’ (SC=10). 
Again, four intermediate sequences are added (SC = 6, 7, 8, 9). The entire sliding route is 
indicated by the red arrow in the top view of left panel of Figure 3.9(a).  
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The potential energy surface (PES) for interlayer sliding are calculated to study the 
sliding behavior of bilayer MoS2. The energy of AA’ stacking (SC=0) is considered as the 
reference energy. The inclusion of vacancies lowers the energy barrier for all the stack 
sequences and has no effect on the shape of the energy profile. The energy barrier for 
sliding increases at first and reaches to the maximum approximately at SC=3, i.e. 3/5 along 
AA’-AB’. The energy barrier declines to metastable state at AB’ stacking. For pristine 
Figure 3.9 Top view and side view of AA’ and AB’ stacking as well as the sliding pathway. 
PES is shown in the left and energy profile of pristine MoS2 bilayer along zigzag sliding 
pathway is shown in right. 
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bilayer, the highest energy barrier along the zigzag route, ∆𝐸𝑚𝑎𝑥𝑃 = 3.91 meV. The PES of 
pristine bilayer is also shown in Figure 3.9 (a). The PES is constructed by relatively 
displacing the bottom layer in X and Y coordinate while keeping the top layer fixed. Again, 
the energy of AA’ stacking (dX=0, dY=0) is chosen as the reference. A 6 ×10 grid in X-Y 
plane is used for the displacement of the orthogonal unit cell of 3.158 Å × 5.41 Å. A contour 
plot of energy surface with a 0.1 Å resolution is interpolated from the energies of the 60 
grid points. Then the contour plot is repeated in X direction to obtain an explicit view of 
completed AA’-AB’-AA’ sliding route, which is indicated by the white arrows. It confirms 
that the zigzag sliding route is the least energetically corrugated. AA’ stacking is the most 
favored structure while AB’ is metastable. To investigate the effects of these defects on 
sliding stability, the energy profiles of defect structures are compared with that of pristine 
structure.  
The PES of various types of vacancies are plotted in Figure 3.10 (a)-(f) to identify 
the changes in the optical pathway and energy barriers as compared to pristine structure 
(Figure 3.10 (a)). Here the PES plots are focused specifically along the AA’-AB’ route. As 
seen in Figure 3.10 (a), the energy in other directions are much higher (red) as compared 
to the zigzag route. Along the zigzag pathway, the highest energy locates at the narrowest 
point (noted as N) of the channel connecting AA’ and AB’. As for the defect structures in 
Figure 3.10 (a)-(f), the PES of defects structure indicates the zigzag sliding pathway retain 
as the minimum energetical corrugation path.  Although the inclusion of vacancies does 
not change the nature of the sliding behavior, the highest energy barrier 
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Figure 3.10 PES plot along the zigzag pathway of (a) pristine and five-types of vacancy-
doped MoS2 bilayer (b) VS, (c) VSS, (d) VMo, (e) VMoS3 and (f) VMoS6 depicts the variations 
in the energy barriers in defect structures. 
78 
 
∆𝐸𝑚𝑎𝑥, is significantly reduced in the defect structures. From the variations in the color of 
the channel, one can evidently conclude that the chance for slipping (from low to high) is 
pristine, VMo, VS, VSS, VMoS3, VMoS6. The energy profiles along zigzag pathway for various 
vacancy types are compared with that of pristine bilayer MoS2 structure in Figure 3.11. 
Similar to the previous study on sulfur vacancies [141], a reduction for energy barrier is 
observed for all types of defects. VMo defect causes less decrease as compared to VS type, 
which is expected as the S-S interlayer vdW interaction prevails over Mo-Mo or Mo-S 
interlayer coupling. The energy barrier in VSS type is slightly lower as compared to VS, 
which indicates another S vacancy in the same layer do not play a significant role in 
reducing the energy barrier. The complex vacancy of VMoS3 and VMoS6 substantially weaken 
the interlayer coupling, thus decrease the energy barrier to 2.98 meV and 2.88 meV, 
Figure 3.11 Energy profile of pristine and five-types of vacancy-doped MoS2 bilayer along 
zigzag sliding pathway. 
79 
 
respectively. Such considerable reductions in energy barrier are anticipated to enhance the 
possibility of slipping in regions with defects of complex vacancies. 
3.5 Conclusions 
DFT calculations are performed to investigate the modifications in electronic 
properties and sliding behavior of MoS2 bilayer at the presence of vacancies. Five types of 
vacancies including VS, VSS, VMo, VMoS3 and VMoS6 are studied and compared to pristine 
structure. Localized charge states are activated due to the presence of vacancies both within 
the band gap region and near the band edges. The number of defect charge states increase 
with the number of vacancies. The defects embodied in the bottom layer are found to affect 
the local density of states of atoms in both top and bottom layer.   However, the 
modifications in electronic properties are limited to the atoms surrounding the vacancies. 
Therefore, the effects of vacancies are anticipated to be regional.  
Moreover, the potential energy surfaces for various types of vacancy are studied 
and compared with that of pristine bilayer to identify changes in the most favored sliding 
pathway due to the presence of defects. It has been found that the optimal sliding route, 
zigzag route, is not affected by the defects. However, the presence of vacancies is likely to 
increase the chance for sliding because of the lowered energy barriers. As a result, the 
interlayer coupling is considerably reduced in defect structures. 
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CHAPTER FOUR 
4. ORIGINS OF RIPPLES IN STRAINED CVD-GROWN MOS2 
MULTILAYER 
4.1 Introduction 
The optimization of the applicability of 2D MoS2 as a building block in future 
electronic devices hinges on a fundamental understanding of the stability and variations in 
the microstructure of 2D MoS2 structures as a function of strain, i.e. the strain response. 
The strain response of such CVD-grown MoS2 structures is determined by the presence of 
edges and also results in slippage between the layers [63]. The CVD-grown structures 
result in terrace regions with varying number of layers that terminate as edges on top of the 
layer below it (Figure 4.1). The presence of these edges is likely to affect the strain-induced 
electronic and mechanical response of 2D MoS2 structures observed for the case of 
mechanically exfoliated flakes that do not include such edges. The strain response of these 
structures suggests a hysteretic shift of the in-plane Raman peak position and PL energy at 
a large applied strain (Figure 1.15) [63]. It has been shown in chapter 3 that such a shift 
may be related to the sliding due the presence of local strain. It is very interesting to study 
the strain response of multilayer to investigate the microstructures and the underlying 
mechanisms   
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In addition, structural ripples have been frequently observed as a strain relaxation 
mechanism in 2D materials, such as graphene [145], ML and FL MoS2 [146], and other 
vdW layered materials [147].  The formation of ripples results in the degradation of 
mobility of the carrier mass and alteration of electronic structures in these 2D materials. 
Buckling and ripple formation has also been predicted using molecular dynamics (MD) 
simulations under uniaxial compression [148]. The size of the ripples generated during 
compression is observed to be associated with the strain rate and length of the sample [149].  
Recently, ripples are observed near edge terminals in CVD-grown MoS2 structures 
(Figure 4.2) [66]. These ripples, with a typical height of ~11 Å, are reported to be 
responsible for the reduction of band gap of the MoS2 sheets near edge terminals from 1.96 
eV to 1.46 eV. A recent study [150] suggests the formation of ripples in CVD-grown 
bilayer MoS2 structures that is induced by strong interlayer edge-to-basal plane coupling. 
Figure 4.1 Optical image of CVD-grown structures of five-layer MoS2. Reproduced from 
Ref. [63]. 
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In addition, the rippling instability is observed in the lower layer due to the interactions 
with the edges in the top layer. 
Thus, while the strain response of MoS2 structures has been investigated 
extensively for the case of mechanically exfoliated flakes (with equal dimensions), the 
understanding of the effects of strain on the mechanical and electronic behavior of CVD-
grown MoS2 structures is still in infancy. Although DFT simulations in chapter 2 suggest 
that the response of such 2D structures (with unequal dimensions) is likely to create an 
inequality in the amounts of strain across the layers and hence exhibits inhomogeneous 
electronic properties [151], these simulations are limited to a system size on the order of a 
few nanometers. It is also likely that the effect of the presence of edges on the strain 
response observed at the nanoscale dimensions of the layers is significantly different at the 
micron scale dimensions as observed experimentally.  
Figure 4.2 (a) STM images of the curved MoS2 few-layer on GaN substrate. (b) AFM 
images of multilayer MoS2 stacked triangles. Reproduced from Ref. [66]. 
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Micron scale exceeds the capacity of DFT method, yet can be handled using 
classical molecular dynamics (MD). Moreover, the DFT simulations focused on the strain 
response of bilayer structures, hence, the effect of number of layers as well as the 
mechanism of strain relaxation at the atomic scale remain unknown. As a result, the current 
study aims to investigate the effect of the size of the layers and mechanism of the strain 
relaxation of CVD-grown multilayered MoS2 structures at the experimental length scales 
using classical MD simulations. 
4.2 Simulation Details 
In this study, the deformation response of CVD-grown few-layered MoS2 structures 
is investigated using a series of large-scale MD simulations with the interatomic 
interactions defined using a combined reactive empirical bond-order (REBO) [152] and 
Lennard Jones (LJ) potential.  Large-scale MD simulations of model CVD-grown systems 
are carried out using LAMMPS [153]. The time step for all simulations are defined to be 1 
fs. All systems created are first equilibrated at 0 K for 10 ps at constant temperature and 
zero pressure (NPT ensemble using the Nose-Hoover algorithm), then the equilibrated 
structure is used as a strain free configuration for the following deformation simulations.  
To demonstrate the capability of the combined potential to model the strain 
response of the CVD-grown MoS2 structures, MD simulations are first carried out to 
reproduce the strain response of bilayer MoS2 structure with free edge as observed using 
DFT simulations in chapter 2. The bilayer edge structure is shown in Figure 4.3 or Figure 
2.3 for details. 
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 The system in the 2H stacking sequence is rectangular in the basal (XY) plane with 
the thickness of the two layers to be equal (Y direction), but relatively smaller along the X 
direction. Three dimensional periodic boundary conditions are applied in the calculations 
so that the bottom MoS2 layer is actually infinitely large along X and Y directions, whereas 
the top layer has a finite width in the X direction and infinitely long along the Y direction. 
A vacuum space of 20 Å thick is used along the vertical direction of the system to prevent 
unphysical interactions between adjacent images along this direction. The strain response 
is investigated under loading conditions of uniaxial tensile strain (εx ≠ 0, εy = 0, Vx ≠ 0, and 
Vy ≠ 0,) where εx and εy (Vx and Vy) are the average strains (stresses) of the entire system 
along the X and Y directions.  
Figure 4.3 Schematic show of the bilayer supercell used in this study. 
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The local strain maps [151] under an applied uniaxial strain of εx=4 % as computed 
using DFT and MD simulations are shown in Figure 4.4. It can be seen that the MD 
simulations using the combined REBO-LJ potential is able to reproduce the strain 
variations in the two layers as predicted using DFT simulations [151]. The strain in the top 
layer is observed to be significantly lower as compared to the bottom layer that corresponds 
to the value of the applied strain (around 4%). Moreover, both methods show that the 
residual strain in the edge region of the top layer is smaller than the center region, while 
the opposite trend is observed for the bottom layer. These results demonstrate the capability 
of the REBO-LJ potential to investigate the mechanical response of the CVD-grown 
multilayered MoS2 structures.  
Figure 4.4 Comparison of (a) DFT and (b) MD in local strain map of a bilayer MoS2 system 
under an applied uniaxial strain εx=4%. 
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The CVD-grown structures comprise of flakes of few layers wherein the top layers 
are relatively smaller in size than the bottom layers, resulting in the formation of 
edges/steps across adjacent layers. To model such a system, a simplified five-layered MoS2 
rectangular system in the basal plane with edges along X direction is created and shown in 
Figure 4.5. All the layers have the same width in the Y direction (~11 nm), but have varying 
dimensions in the X direction.  The model CVD-grown pyramid structure is created to have 
a 1/5 decrease in the length of each layer in the X direction as compared to the length of 
the layer below it. The X dimensions of the as-created pyramid system correspond to ~317 
nm for the bottom most layer (layer 1), ~254 nm for layer 2, ~203 nm for layer 3, ~164 nm 
for layer 4, and ~130 nm for layer 5. The thickness of each individual layer is 0.62 nm from 
our simulation, which leads to 3.1 nm for the five-layer system. The total dimensions of 
the representative system are 317 nm ×  10.98 nm ×  31 nm. Periodic boundaries are 
applied in X and Y directions, and a vacuum space of 20 nm is added in the vertical 
direction. Such a simplified system creates edges along the X direction, and allows the 
investigation of the strain response of a particular layer when the free edges may appear 
both above and below it.  
Figure 4.5 Schematic of a model pyramid system used in the study. Uniaxial strain is 
applied along the X direction as indicated by blue arrow. 
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4.3 Strain Configurations of Individual Layer 
A uniaxial tensile strain is applied along the X direction in increments of 0.1 % and 
the system is allowed to relax to minimize the total energy of the system at each increment. 
The straining is continued to reach a total tensile strain of 6 % which is within the elastic 
region [154] for the MoS2 system for the REBO potential. At each increment, a layer strain 
( iLxH ) is calculated for each individual layer as  
0
0
i
iiL
x x
xx
i
 H                        (4.1) 
where i is the layer-id (1, 2, 3, 4, 5); ix  and 0ix  are final and initial layer length of ith layer 
in X direction, respectively. The analysis of the layer strain, iLxH , provides the strains of 
Figure 4.6 Variating of layer strain for each layer as a function of applied strain for 317 
nm MoS2 multilayered structure under uniaxial tension. 
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each individual layer and enables the investigation of the relaxation of each layer during 
the straining process.  
The variating of iLxH  is plotted as a function of the applied uniaxial tensile strain (
xH ) for each individual layer, from layer 1 to layer 5, in Figure 4.6. It can be seen that the 
layer strain in the bottom layer varies as the applied external strain. No relaxation of the 
bottom layer is observed as there are no edges on the bottom layer.  However, the variation 
in the layer strain for the upper layers i.e. layers 2 through 5, is observed to deviate from 
that observed for the bottom layer with the layer strains being lower than that for the bottom 
layer. The deviations are observed to be earlier and larger for the higher layers. Such a 
deviation suggests that the top layers start to relax first due to the presence of a free surface 
above the top layer, followed by the lower layers. The deviation in the layer strain is 
therefore larger for the upper layers where vertical relaxation is possible. The layer strain 
continues to increase with applied strain for each layer up to a certain value, after which a 
further increase in applied strain results in a drop in the local strain. These reductions in 
layer strain are observed to occur simultaneously for layer 2 through layer 5. Each 
reduction is then followed by a small increase in layer strain when strained further. Such 
increases and decreases in the applied strains continue to occur simultaneously as the 
applied strain increases, but the deviation in the magnitude of the layer strains is also 
observed to increase as the applied strain increases.  For example, at an applied strain of 
4 xH %, the layer strains, from layer 2 to layer 5, reduce to 3.29 %, 3.06 %, 2.62 %, 1.33 
%, respectively. However, it is not clear if these simultaneous variations are related to the 
sliding between the layers or due to the slipping of the edges on top of the layers.  
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4.4 Origins of Ripples under Tensile Strain 
To investigate the strain relaxation mechanisms of the various layer strains, an out-
of-plane vertical displacement is computed for each atom along the length of layers in the 
multilayered structure. This vertical displacement ( izG ), at a certain atom i, is computed as 
iii zzz 0 G , where iz  and iz0  are the instantaneous and initial Z-coordinate of atom i, 
respectively [145, 150, 155]. The vertical displacement will be expected to be uniform for 
the case of sliding between the layers as the strain relaxation mechanism. For the case of 
the slipping of the edges on the bottom layers, a vertical displacement profile will show 
high displacements at the edges of each layers. The visual analysis of these vertical 
displacements for the entire sample, however, become challenging due to the large X-to-Z 
Figure 4.7 The vertical displacement map in the unstrained configuration at different 
sections: (a) S1, (b) S2, (c) S3, (d) S4 and (e) S5. 
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ratio (2D structure) of the pyramid structure. As a result, the discussion is now focused on 
only the left half of the structure along the X direction as the structure is symmetric on both 
sides. The left half of the pyramid sheet is partitioned to five sections, S1 to S5, to visualize 
the local variations in vertical displacements at the atomic scale, as shown in Figure 4.5. 
The five sections overlap with each other to include the terrace and an edge. A total number 
of four edges are investigated in this paper, noted as E2 to E5.  
Figure 4.7 shows the displacement map for sections S1 to S5 of the left half of the 
MoS2 pyramid at unstrained configuration. The atoms are colored by the displacement in 
the Z direction with the positive value (red color) corresponding to an upward displacement 
and a negative value (blue color) indicating a downward displacement as compared to the 
unstrained configuration. At strain free configuration ( 0 xH %), there is no displacement 
along vertical direction for all atoms. Therefore, izG of all the atoms equals to zero and these 
atoms are colored in green, as shown in Figure 4.7. 
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The vertical displacement can now be applied to investigate the response of the 
pyramid structure. The vertical displacements in the various sections of the pyramid 
structure at an applied strain of 1.0 xH % are shown in Figure 4.8. As can be seen in the 
snapshots, the top layer (sulfur atoms) of each section is displaced downwards (blue) and 
the bottom layer (sulfur atoms) is displaced upwards. It can be seen that the displacement 
is uniform along the length of each section and the maximal displacement is computed to 
be ~ 0.0005Å at an applied strain of 1.0 xH %. The uniform straining of the layers 
Figure 4.8 The variation of the vertical displacement in the various sections (a) S1, (b) S2, 
(c) S3, (d) S4 and (e) S5 of the multilayered structure at an applied strain of 0.1 % 
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continues to increase up to an applied strain of 2 xH %, wherein a deviation is observed in 
the layer strains in Figure 4.6.  
The vertical displacements in the various sections of the pyramid structure at an 
applied strain of 2 xH % are shown in Figure 4.9. It can be seen from the snapshots that a 
vertical displacement is observed at the edges in each of the sections. This vertical 
displacement of the edge also results in a vertical displacement of the layers below in the 
edge region as suggested by the red colored atoms. This vertical displacement of the edge 
region is also compensated by having a slight downward displacement (as shown by blue 
color) in the region next to the edge region. This upward/downward displacement of the 
edges, as will be discussed later, results in the nucleation of ripples that result in the 
Figure 4.9 Snapshots of different sections (a) S1, (b) S2, (c) S3, (d) S4 and (e) S5 of the 
multilayered structure at 2% strain showing formation of ripples at the edge region. 
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variations in the layer strains plotted in Figure 4.6. The generated ripple can be observed 
at the right side of E2 as shown in Figure 4.9 (b). The ripple is more visible at the right side 
of E3 (Figure 4.9 (c)), E4 (Figure 4.9(d)) and E5 (Figure 4.9(e)). No ripple is nucleated in 
S1, as indicated by Figure 4.9 (a). This strain (~2 %) coincides with the strain at which the 
local layer strain of top layers starts to deviate the applied strain (as discussed before). As 
a result, the relaxation of the top layers may be attributed to the ripples induced by the edge.  
Further straining of the structure results in propagation of the nucleated ripples as 
well as nucleation of new ripples. The vertical displacements in the various sections of the 
pyramid structure at an applied strain of 3 xH % are shown in Figure 4.10. As shown in 
Figure 4.10 (a), ripples are still not seen in section S1 as the strain increases to 3%. 
Figure 4.10 Snapshots of different sections (a) S1, (b) S2, (c) S3, (d) S4 and (e) S5 of the 
multilayered structure at 3 % strain showing propagation of ripples from edge towards 
center. 
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However, another ripple is nucleated at the edge region in other four sections (Figure 4.10 
(b) to (e)). All of these ripples propagate from edge region towards the center of the 
structure, i.e., from left towards right. The number of ripples propagating in each section, 
i.e. 2 at 3 xH % is the same. It should be noted that the top layers in each section show 
significant downward displacement (suggested from more blue atoms) as compared to the 
remaining layers in each section. This displacement attributed to the edges of the top layers 
results in the reduction in the layer strain for the top layers, as seen in Figure 4.6.   
An applied strain of 4 xH % results in the propagation of ripples across the length 
of the sections as shown in Figure 4.11. The number of ripples propagating in each section 
is the same except for that observed in section S1, where the ripples only propagate towards 
the half way for an applied strain of 4 xH %. However, five ripples are observed (indirectly 
Figure 4.11 Snapshots of different sections (a) S1, (b) S2, (c) S3, (d) S4 and (e) S5 of the 
multilayered structure at 4 % strain showing ripples across the length of each section. 
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implied by number of blue regions in the area) to be propagating in section S2. For sections 
S3, S4 and S5, five propagating ripples can be explicitly observed. It is also interesting to 
note that the ripples generated in section 4, propagate along the length of the section and 
interact with the edge (E5) in section 5 where ripples are nucleated in section 5.  
For the section S5 which belongs to the left half of the system, ripples are also 
generated in the right half of the system due to the edge that propagate towards the center 
of the multilayered structure i.e. from right to left. The ripples created meet and interact at 
the center of the system to create a large downward displacement (blue) region at the center 
of the multilayered system as shown in Figure 4.12(a). Further strain results in the 
propagation of this downward displacement region in the opposite direction of the ripples 
as shown in Figure 4.12(b). Continued applied strain results in the nucleation of new ripples 
at the edges that propagate again towards the edges as shown in Figure 4.12(c). 
Figure 4.12 Snapshots of center of pyramid system at various strains (a) 1%, (b) 4.2%, and 
(c) 4.9% showing propagation of ripples at the edge region. 
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4.5 Formation of Ripples under Compressive Strain 
The discussion so far has focused on the strain relaxation response under loading 
conditions of uniaxial tensile strain. The multilayered structure is also subjected to 
compressive strains to investigate the strain response and ripple formation behavior. The 
variation of layer strain ( iLxH ) for each individual layer in multilayered structure as a 
function of applied uniaxial compressive strain ( xH ) is shown in Figure 4.13. The variation 
of iLxH is initially linear with xH . Similar to that observed for tensile strains, iLxH is 
observed to relax at larger applied strains through the nucleation and propagation of ripples. 
However, there exist a few noticeable differences in the case of compressive loading. The 
amount of layer strain relaxation in top layers during compression is considerably larger 
than that observed during tension. As will be discussed later, the larger relaxation of strain 
Figure 4.13 Variating of layer strain for each layer as a function of applied strain for 317 
nm MoS2 multilayered structure under uniaxial compression. 
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is attributed to the larger amplitudes of the ripples under compression as compared to that 
under tension. In addition, as the applied compressive strain exceeds 75.3 xH %, iLxH  
increases consistently with the applied strain. Such a re-emerged increase in the layer strain 
Figure 4.14 Snapshots of S5 showing propagation of ripples at the edge region at applied 
compressive strains of (a) 1%, (b) 2%, (c) 3%, (d) 4%, (e) 5% and (f) 6%. 
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indicates that no additional strain is relaxed through additional nucleation of ripples. Thus, 
there is a limit for the relaxation of the layers that can be attributed to the formation of 
ripples.  
The vertical displacements in the section S5 of the pyramid structure at various 
values of applied strain of are shown in Figure 4.14. The right side of the multilayered 
structure is shown here. The vertical displacements are fairly uniform in the section at an 
applied compressive strain of 1 xH  % as shown in Figure 4.14(a). Continued strain results 
in the nucleation of ripples at the edge E5 as shown in Figure 4.14(b). Further applied strain 
nucleates more ripples that propagate towards the center of the structure as shown in Figure 
4.14(c). The most significant difference under compressive loading is observed at an 
applied compressive strain of 4 xH %, wherein the amplitude of the ripples exceeds 8 Å 
(~8.6 Å) at the edge of section S5. The amplitude, however, reduces to 6.5 Å at the center 
of the pyramid (right side of S5 in Figure 4.14(d)) where the ripple initiated from the right 
edge merges with the left one. The maximum number of ripples are observed at an applied 
compressive strain of 4 xH %. Application of additional compressive strain does not result 
in nucleation of additional ripples.  This can be seen from vertical displacements in Figure 
4.14(f) at an applied compressive strain of  6 xH % wherein the number of ripples 
propagating across section S5 is the same as those observed at an applied compressive 
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strain of  4 xH %. The only difference at the two strains, however, is the amplitude of the 
ripples, which is implied by the different legends of the two snapshots.  
The vertical displacements for sections S1 to S5 at an applied compressive strain 
of 6 xH %, are shown in Figure 4.15. Ripples are observed to nucleate at the edges for all 
the sections and propagate towards the center of the multilayered structure. The peak 
amplitude of the ripples in sections S1, S2, S3, and S5 are calculated to be 16.2 Å, 12.1 Å, 
10.5 Å, 10.5 Å, 10.6 Å, respectively. These amplitudes of the ripples are comparable to the 
Figure 4.15 Snapshots of the sections (a) S1, (b) S2, (c) S3, (d) S4 and (e) S5 of 317 
nm as-grown MoS2 structure at applied compressive strains of 6%. 
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amplitudes of the ripples observed experimentally. Thus, a larger amplitude is observed for 
sections with lower number of layers, especially when the number of layers is less than 
three. The slightly larger amplitude in S5 (5 layers) as compared to that observed for section 
S4 (4 layers) is attributed to the interaction and merger of two ripples in S5.  
While ripple formation has been reported using previous MD studies for the case 
of single layer MoS2 sheets, the mechanism of ripple formation is attributed to buckling of 
the sheet under compression. The presence of edges in the multilayered structure 
considered here provides the necessary displacements to relax strain through the formation 
of ripples. These edge configurations therefore form the origins of ripple formations in 
these CVD-grown structures. To verify this, a five-layered MoS2 sheet with the same 
dimensions as section S5 of the multilayered structure is created with equal dimensions of 
all layers (i.e. no edges) and is subjected to uniaxial compression as discussed before. The 
no-edge multilayered MoS2 structure comprises of 317 nm in X direction and 10.98 nm in 
y direction, which is of same size as the bottom layer in 317 nm CVD-grown MoS2 
multilayer. The top four layers are of the same dimensions as bottom layer in this no-edge 
multilayered MoS2 structure. The MD simulations of uniaxial tensile strain indicate that no 
strain relaxation is observed in the periodic sheet and the layer strain iLxH for each layer is 
observed to the be the same as the applied strain for all the layers up to an applied strain of 
4 xH %. Thus, no ripples are generated without the presence of the edges, verifying the 
primary role of edges in ripple formation and strain relaxation of CVD-grown multilayered 
structures. 
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4.6 Size Effects on Strain Response 
Another factor to consider in the role of edges on the formation of ripples is the size 
of the terrace structures between the edges. As a result, two multilayered MoS2 systems are 
created with the same ration of the lengths of the layers, but with the dimensions of ~127 
nm for the bottom layer (defined as the small system) and ~634 nm for the bottom layer 
Figure 4.16 Local layer strain as a function of applied strain for (a) 127 nm, (b) 634 nm 
as-grown multilayered MoS2 structure under uniaxial tensile strain. 
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(defined as the large system). The variation of the layer strain ( iLxH ) for each individual 
layer in the no-edge MoS2 multilayer structure as a function of applied uniaxial tensile 
strain ( xH ) is presented in Figure 4.16. Simultaneous relaxation is noticeably observed in 
127 nm system and slightly in 634 nm system. For all the cases, iLxH  in the bottom layer 
is identical to 𝜀𝑥, and top four layers relax to various extent. The relaxation strains of the 
top layer (fifth layer) are calculated to be 1.85%, 2.75% and 3.75% for 127 nm, 317 nm 
and 634 nm system, indicating the strains required to nucleate ripples increases with the 
larger dimensions of the terraces (layers). An edge-to-bulk ratio (EBR) ratio can be defined 
for the layers in 2D MoS2 structure to investigate the significance of edges in strain 
relaxation. For the multilayered structure considered here that is periodic in the Y direction, 
it is evident that a larger length in X direction will result in a smaller EBR, thus decreasing 
edge effect. It is revealed from Figure 4.6 and Figure 4.16 that the values of the iLxH  
decrease from bottom to the top layer, which is attributed to the diminishing EBR. The 
atoms in the top layers tend to relax to a larger extent due to more severe edge effect that 
results in vertical displacements and formation of ripples. Similarly, the layers in a larger 
sized pyramid have a smaller EBR, thus a smaller amount of strain reduction.    
4.7 Conclusions 
Molecular dynamics simulations are carried out to investigate the strain response 
of CVD-grown MoS2 structures at the atomic scales. To investigate the strain response, a 
model multilayered system with terraces and edges is created to mimic the CVD-grown 
system. The interatomic interactions between the Mo/S atoms are defined using a hybrid 
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REBO/LJ potential that is able to reproduce the strain response of a bilayer system with an 
edge as predicted using DFT simulations. The MD simulations suggest that the strain 
response of the multilayered system is layer dependent and the relaxation of individual 
layers is attributed to nucleation, propagation and interaction of ripples. The ripples are 
observed to nucleate at the locations of the edges of the layer in the regions below the edge 
and propagate inward to the center of the multilayered structure. It is also predicted by the 
MD simulations that the ripples formed have vertical displacements of ~0.1 Å for uniaxial 
tensile strain and ~10 Å for uniaxial compressive strain. The strains required for the 
formation of ripples are observed to be dependent on the dimensions of the layers. It should 
be pointed out that current study is performed without a substrate so that the model is 
simplified enough to reveal the underlying origins of the ripples. As a result, the effects of 
substrate are not considered. In more realistic cases, the interaction between substrates and 
MoS2 sample is supposed to create Moiré patterns, and the relations between these Moiré 
patterns and the formation/propagation of ripples will be also very intriguing to study.  The 
formation of ripples in CVD-grown few-layered structures under strain need to be 
accounted for when analyzing strain effects on electronic properties of these CVD-grown 
structures materials using experimental methods or in continuum models.  The strain 
response of CVD-grown structures through ripple formation also shows promise for the 
use of strain engineering to generate inhomogeneous electronic properties for the design 
novel devices based on CVD-growth MoS2 structures. 
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CHAPTER FIVE 
5. ORIGINS OF MOIRÉ PATTERNS FOR STRAINED CVD-
GROWN BILAYER MOS2 TRIANGLES 
5.1 Introduction 
As shown in chapter 4, the strains in top layers of the multilayered MoS2 structures 
are not necessarily identical to those at bottom layers. relaxed through nucleating ripples 
at the presence of edges. It has been observed that the strains in top layers of the 
multilayered MoS2 structures may be relaxed through nucleating ripples [66, 150, 156] or 
slippage [141]. Similarly, due to the weak interacting nature (van de Waals) between 
substrate and samples, the strain subjected to the substrate cannot be completely transferred 
to the 2D samples, especially in multilayered MoS2 structures. The vertically heterogenous 
strain configurations across layers can induce/engender lattice mismatch between different 
layers, which results in a Moiré-like superstructure in individual layers, i.e., Moiré pattern 
[157] .  
The lattice-mismatched Moiré-pattern structures are considered as the evidence of 
successful alignment/growth of heterostructures, and have been extensively observed in 
many vdW heterostructures [68-72], graphene-metal interface [73] as well as MoS2-metal 
interfaces [74-77]. For example, the graphene-hBN heterostructure with a lattice mismatch 
of 1.8% shows a Moiré pattern with a well-defined periodicity of ~15 nm [68, 70, 71], 
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which is confirmed by the molecular dynamic simulations [158].  These superlattices are 
reported to have a non-uniform out-of-plane displacement in the magnitude of ~0.2 nm 
[158]. The Moiré pattern with a periodicity of 8.7 nm also emerges in rotationally aligned 
MoS2-WSe2 bilayer [72]. The Moiré-like superstructures exhibit distinct electronic 
properties as compared to the constituent layers. It has been observed that the Moiré 
structure in MoS2-WSe2 bilayer presents a periodic local-bandgap variation with an 
amplitude of ~ 150 meV and the band edges are observed to be located at different layers 
[72]. Recently, large-area single layer MoS2 (SLMoS2) are epitaxially grown on Au (111) 
surface [74-77, 159]. A relatively large Moiré distance of ~ 30 nm is reported. Although 
the interaction between metal substrate and SLMoS2 has less pronounced consequences on 
the electronic structure as compared to graphene-metal interface due to the in-plane nature 
of the orbitals in MoS2 [159], the band structure near the K-point are evidently affected and 
a noticeable Mo 4d states are observed [159, 160].   
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Although the strain configurations of the CVD-grown MoS2 structures have been 
investigated under the external strain with both DFT (chapter 2) [151] and MD simulations 
(chapter 4) [156], the modeled MoS2 multilayer has a rectangular shape with edges only in 
X direction, while the system is periodic in Y direction. It was a simplified model to 
qualitatively study the effect of edge on the electronic structure and the strain response. In 
realistic, CVD-grown MoS2 structures have a structure of stacked triangles. The top layers 
are relatively smaller in size and rotate 1800 as compared to the bottom ones, forming more 
complicated edges/steps. In this study, MD simulations are carried out to investigate the 
strain response of bilayer MoS2 with a triangular shape. This bilayered MoS2 triangle is 
placed on top of a relatively larger rectangular MoS2 monolayer, which is treated as a 
substrate layer. The external strain is applied to the MoS2 substrate layer, and the strain 
response of the stacked bilayer shows a Moiré-like picture due to the non-uniform 
distribution of out-of-plane displacement. The strains in the bilayer are found to be relaxed 
by the nucleation of “Moiré islands”.  
Figure 5.1 (a) STM images of MoS2/WSe2 heterostructure; (b) Close-up STM image show 
the Moiré pattern with a periodicity of ~8.7 nm. Reproduced from Ref. [72]. 
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5.2 Computational Methods and Interatomic Potential 
Large-scale MD simulations of model CVD-grown systems are carried out using 
LAMMPS [153] with the interatomic interactions defined using the reactive empirical 
bond-order (REBO) potential [95] combined with a Lennard Jones (LJ) potential. The time 
step for all simulations are defined to be 1 fs. All systems created are first equilibrated at 0 
K for 10 ps at constant temperature and zero pressure (NPT ensemble using the Nose-
Hoover algorithm), then the equilibrated structure is used as a strain free configuration for 
the following deformation simulations. The energy for an atom in the REBO formulation 
is calculated as: 
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Table 5.1 (a) Optimized parameters for the Mo-S interatomic potential. The energy is in 
the unit of eV, and the length in Å. 
Parameter Mo-Mo S-S Mo-S 
A 123.5155 859.9026 401.7058 
B 494.3735 1049.054 947.8501 
D 1.075007 1.10775 1.192679 
E 1.161003 1.126736 1.269738 
V 4.6 3.13 3.625741 
H 0.000586 0.01876 0.003315 
  To model strain response of triangular-shaped MoS2 2D structures, it is essential to 
the interatomic potential is able to capture the correct strain configuration of individual 
layers. As discussed before, these stacked triangles exhibit more realistic and sophisticated 
edge configuration. As a result, the original potential parameters are re-optimized to better 
capture the strain response at the presence of edges/steps. The strain relaxation of the elastic 
deformation depends not only on the in-plane covalent bonds, but also on the vertical van 
de Waals interaction between interlayer atoms. The lattice constants and the elastic 
constants predicted are chosen as the structural and energetic indicators, respectively. First, 
the pair-terms of the covalent parameters, A, B, α, β in Eq. (2) are tuned to provide accurate 
lattice constants and cohesive energy. Then the well-depth, εij, and the equivalent distance, 
σij, in the LJ potential are adjusted to match the elastic constants and bulk modulus. After 
more than hundreds sets of parameters (Table 5.1 (b) and (c)), an optimal parameterization 
of REBO potential is shown in Table 5.1 (a).  
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Table 5.1 (b) The parameters tried in this thesis. The parameters are the listed as the ratio with respect to corresponding parameters of 
the original REBO paper from Liang [95]. 
 A11 A12 A22 B11 B12 B22 a11 a12 a22 b11 b12 b22 V22 H22 
Case 1 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 3.130 0.01600 
Case 8 0.700 0.700 0.700 0.700 0.700 0.700 0.980 0.980 0.980 0.980 0.980 0.980 3.130  
Case 15 0.700 1.000 0.700 0.700 1.000 0.700 0.980 0.980 0.980 0.980 0.980 0.980   
Case 21 0.700 0.700 0.700 0.700 0.702 0.700 0.980 0.980 0.980 0.980 0.980 0.980   
Case 33 0.700 0.700 0.700 0.700 0.701 0.700 0.980 0.980 0.980 0.980 0.980 0.980 3.230  
Case 40 0.700 0.700 0.700 0.700 0.705 0.700 0.980 0.975 0.980 0.980 0.980 0.980 3.230  
Case 55 0.700 0.700 0.700 0.700 0.702 0.700 0.975 0.975 0.975 0.975 0.975 0.975 3.200  
Case 62 0.700 0.700 0.700 0.700 0.702 0.700 0.977 0.975 0.975 0.975 0.975 0.975 3.200  
Case 82 0.700 0.700 0.700 0.700 0.700 0.700 0.980 0.980 0.980 0.980 0.980 0.980 3.230  
Case 91 0.690 0.700 0.700 0.700 0.705 0.700 0.980 0.975 0.980 0.980 0.980 0.980 3.150  
Case 102 0.690 0.698 0.700 0.700 0.705 0.700 1.000 1.000 1.000 1.000 1.000 1.000 3.130 0.01876 
Case 103 0.621 0.628 0.630 0.630 0.635 0.630 1.000 1.000 1.000 1.000 1.000 1.000 3.130 0.01876 
Case 104 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 3.130 0.01600 
Case 105 0.690 0.698 0.700 0.700 0.705 0.700 1.000 1.000 1.000 1.000 1.000 1.000 3.130 0.02000 
Case 117 0.690 0.698 0.700 0.700 0.705 0.700 1.000 1.000 1.000 1.000 1.000 1.000 3.130 0.01890 
Case 122 0.690 0.698 0.700 0.700 0.705 0.700 1.000 1.000 1.000 1.000 1.000 1.000 3.130 0.01876 
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Table 5.1 (c) The lattice constants and elastic properties of bulk MoS2 from DFT, experiments and MD calculation with different 
parameterization. 
 
 c11 c33 c12 c13 c44 c66 b0 Ecoh a c dmos dss dintra 
DFT 218.80 47.30 51.30 5.40 14.10 83.70 37.80 -16.009 3.158 12.112 2.400 3.120 2.936 
Exp. 238.00 52.00 -54.00 23.00 19.00    3.160 12.294 2.417 3.172 2.975 
Spearot 255.32 36.62 77.21 7.71 6.13 89.01 32.16 -21.584 3.166 12.173 2.443 3.241 2.845 
Liang 269.00 50.00 81.50 10.70 8.45 93.19 42.41 -21.668 3.174 12.180 2.445 3.238 2.852 
Case 1 266.00 47.40 80.70 10.10 8.03 92.75 40.45 -21.651 3.173 12.179 2.445 3.239 2.851 
Case 8 215.53 47.01 66.04 9.84 7.99 75.01 38.79 -17.239 3.169 12.148 2.438 3.222 2.851 
Case 15 267.51 46.31 74.49 9.52 8.01 96.28 39.48 -22.988 3.194 12.103 2.444 3.209 2.843 
Case 21 227.64 47.81 68.90 9.89 8.00 79.37 39.66 -17.930 3.156 12.097 2.423 3.195 2.854 
Case 33 232.55 46.82 70.37 8.87 7.25 80.91 38.84 -17.502 3.186 12.341 2.440 3.205 2.965 
Case 40 213.65 45.54 64.76 8.70 7.22 74.23 37.43 -15.575 3.206 12.417 2.462 3.248 2.961 
Case 55 239.99 47.68 72.58 9.19 7.47 83.58 39.70 -18.417 3.174 12.254 2.431 3.194 2.934 
Case 62 242.24 48.15 73.75 9.35 7.48 84.45 40.12 -18.609 3.160 12.261 2.425 3.194 2.937 
Case 82 226.33 46.43 68.82 8.90 7.24 78.69 38.44 -17.162 3.192 12.366 2.447 3.219 2.964 
Case 91 208.40 47.60 65.02 10.06 7.84 71.90 39.02 -16.028 3.160 12.289 2.448 3.264 2.880 
Case 102 242.88 50.58 74.21 10.11 8.03 84.63 41.91 -17.903 3.112 12.031 2.390 3.150 2.865 
Case 103 228.25 50.38 69.35 9.93 8.02 79.18 41.26 -16.375 3.112 12.008 2.386 3.139 2.865 
Case 104 260.12 41.41 78.89 8.98 6.98 90.71 35.96 -21.614 3.169 12.177 2.444 3.240 2.849 
Case 105 246.26 53.30 74.96 10.57 8.50 85.63 43.83 -17.917 3.115 12.032 2.390 3.150 2.866 
Case 117 243.24 50.89 74.32 10.16 8.09 84.74 42.13 -17.905 3.113 12.031 2.390 3.150 2.865 
Case 122 242.88 50.58 74.21 10.11 8.03 84.63 41.91 -17.903 3.112 12.031 2.390 3.150 2.865 
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Table 5.2 The lattice constants and elastic properties of bulk MoS2 from DFT, 
experiments and MD calculation with different parameterization. 
 
𝒂  (Å) 𝒄  (Å) 𝒅𝑴𝒐−𝑺 
(Å) 
𝒅𝑺−𝑺 
(Å) 
𝒅𝒊𝒏𝒕  
(Å) 
Ecoh 
(eV) 
C11 
(GPa) 
C33 
(Gpa) 
B0 
(GPa) 
DFT  3.16 12.11 2.4 3.12 2.94 -16.01 218.8 47.3 37.8 
exp. a, b 3.16 12.29 2.42 3.17 2.98 N/A 238 52 53.4 c 
Liang  3.17 12.18 2.45 3.24 2.85 -21.67 269 50 42.41 
Stewart  3.17 12.17 2.44 3.24 2.85 -21.58 255.32 36.62 32.16 
this work 3.11 12.03 2.39 3.15 2.87 -17.9 242.88 50.58 41.91 
a reference [161], b reference [162]. 
In Table 5.2, the value of structural and energetic indicators calculated from the 
parameterization of Liang [95], Stewart [96], and this work are listed and compared to DFT 
and available experimental results. Although the structural indicators are similar, the 
Figure 5.2 Comparison of Liang’s, Stewart’s, and our parameterization of Mo-S 
interatomic potential with DFT results: local strain map of a bilayer MoS2 system under an 
applied uniaxial strain of 4%. 
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cohesive energy of MoS2 molecular is remarkably improved by 23.54% (23.0%) as 
compared to Liang’s (Stewart’s) parameters.  
The final and essential criterion of the optimization of the potential in this work is 
to reproduce the DFT-predicted strain configuration of CVD-grown bilayer MoS2 structure 
with free edges as used in chapter 3 and chapter 4 [151]. The local strain maps [151] under 
an applied uniaxial strain of εx=4 % as computed using DFT and MD simulations with 
different sets of parameters are shown in Figure 5.2. The strain configuration of the bottom 
layer and top layer are distinct, which is indicated by the different scale for the two layers. 
The strain in the bottom layer is comparable to the applied strain (4%), while the strain in 
the top layer are significantly reduced to ~0.5% due to the presence of edges. All the three 
potentials are capable to predict a relatively accurate strain configuration of the bottom 
layer. However, Liang’s (Stewart’s) parameters overestimate (underestimate) the residual 
strain of the top layer. For example, for the Mo atom in the center of the top layer, DFT, 
Liang’s, Stewart’s, and our parameters predict the local strain at the value of 0.64%, 0.83%, 
0.46% and 0.57%. As a result, our parametrization will be used in this work for the 
interatomic potential of Mo-S system. 
5.3 Strain Response of Stacked MoS2 Bilayer on Arbitrary Substrate 
5.3.1 Model of Triangular MoS2 Bilayer on Substrate 
CVD-grown MoS2 triangular flakes comprise of few layers wherein the top layers are 
smaller triangles with a rotation angle of 1800 as compared to the bottom ones. During the 
strain loading process, the sample are attached to the substrate and the strain are directly 
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subjected to the substrate. To model such a system, a substrate layer with a rectangular 
shape is included. For simplification, we use single layer MoS2 as a substrate in this section.  
The bilayer triangular system with a rectangular substrate is presented in Figure 5.3. 
2H stacking sequence is used in all the three layers. The substrate layer is a rectangle in the 
basal plane with the dimension of 34.8 nm × 30.7 nm. The bottom layer and top layer are 
both equilateral triangles with a side length of 31.1 nm and 10.3 nm, respectively. The 
center of top layer is right above that of the bottom, and the top layer rotates 1800 with 
respect to the bottom layer. A vacuum space of 10 nm thick is used along the vertical 
direction of the system to prevent unphysical interactions between adjacent images along 
this direction. This model provides realistic edge configuration as observed in the CVD-
grown MoS2, and allows the investigation of the strain response of the triangular shaped 
flakes with substantial amount of edge. 
Figure 5.3 The structure of triangular MoS2 bilayer with a substrate. Top row: the top view 
of substrate, bottom layer and top layer; middle row: side view; bottom row: front view. 
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5.3.2 Strain Response under Biaxial Tension  
As discussed before, it is assumed that the strain is directly subjected to the 
substrate layer. As a result, the forces on the atoms in the substrate are rescaled to zero at 
each time step, so that the atoms are prohibited to move and the strain in the substrate atoms 
is exactly identical to the applied strain. The strain response is investigated under the 
loading condition of biaxial tensile strain (εx ≠ 0, εy ≠ 0, Vx ≠ 0, and Vy ≠ 0). The biaxial 
tensile strain is applied along the X and Y direction in increments of 0.1 % and the system 
is allowed to relax to minimize the total energy of the system at each increment. The 
straining is continued to reach a total tensile strain of 15 % which is within the elastic 
region [154] for the MoS2 system using the REBO potential. At each increment, a layer 
strain along X and Y direction ( iLxH and iLyH  ) is calculated for each individual layer as  
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where i is the layer-id (1, 2; 1 corresponds to bottom layer and2is top layer); ix  ( iy ) and 
0ix  ( 0yi ) are final and initial layer length of ith layer in X (Y) direction, respectively. The 
analysis of the layer strain provides the strains of each individual layer and enables the 
investigation of the relaxation of each layer in each direction during the straining process. 
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The variations of iLxH and iLyH  are plotted as a function of the applied biaxial tensile strain (
xyH ) for each individual layer, i.e., bottom layer and top layer, in Figure 5.4. 
The layer strain in X and Y direction are almost the same for both bottom and top 
layer, which indicates the strain relaxation is direction-independent. It can be seen that the 
layer strain in the bottom layer and the top layer both present a periodical fluctuation every 
~3.5% applied strain.  At a small the applied strain, both the top layer and bottom layer 
show a linear increase with xyH . It should be pointed out that the strain subjected to the 
substrate is not completely transferred to the bilayered MoS2 triangles. For example, the 
layer strain in the bottom layer is  1LxH =0.8% at the applied strain xyH =1%. As a result, the 
layer strain in the bottom layer shows about 20% relaxation at this stage. The top layer 
Figure 5.4 Local layer strains as a function of applied tensile strain ε show the emergence 
and nucleation of Moiré island under biaxial tensile strain. 
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presents more noticeable relaxation. Such an incomplete strain transfer between substrate 
Figure 5.5 The vertical displacement map in the top layer and bottom layer at different 
applied biaxial tensile strain: (a) 0%, (b) 1.5%, (c) 2.5%. 
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and the MoS2 bilayer is supposed to create a lattice mismatch, and it is reasonably 
speculated that the Moiré pattern will be produced due to such a lattice mismatch. The layer 
strain continues to increase with applied strain for each layer up to a certain value, after 
which a further increase in applied strain results in a drop in the local strain. Then the layer 
strain periodically rises and drop every ~3% applied strain. Each increase in the strain is 
followed by a small reduction in layer strain when strained further. Such increases and 
decreases in the applied strains are observed to occur simultaneously for bottom layer and 
top layer as the applied strain increases. The layer strain in the bottom layer is consistently 
higher than that in the top layer, suggesting a larger relaxation in the top layer due to the 
presence of a free surface above the top layer. However, it is not clear if these simultaneous 
variations are related to the sliding between the layers or due to the presence of Moiré 
patterns. 
 To investigate the strain relaxation mechanisms of the various layer strains, an out-
of-plane vertical displacement is computed for each atom along the length of layers in the 
bilayered structure. This vertical displacement ( izG ), at a certain atom i, is computed as 
iii zzz 0 G , where iz  and iz0  are the instantaneous and initial Z-coordinate of atom i, 
respectively. The vertical displacement will be expected to be uniform for the case of 
sliding between the layers as the strain relaxation mechanism. For the case of the 
emergence of Moiré pattern, a vertical displacement profile will show high displacements 
at the edges of the top layer and bottom layer. The map of izG  are shown in Figure 5.5 to 
visualize the local variations in vertical displacements at different applied strain at the 
atomic scale. The atoms are colored by the displacement in the Z direction with the positive 
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value (red color) corresponding to an upward displacement and a negative value (blue 
color) indicating a downward displacement as compared to the unstrained configuration. 
At strain-free configuration ( xyH = 0%), there is no displacement along vertical direction for 
all atoms. Therefore, izG of all the atoms equals to zero and these atoms are colored in light 
Figure 5.6 The vertical displacement map shows the nucleation of displacement islands 
and the formation of Moiré pattern in the top layer and bottom layer at different applied 
biaxial tensile strain: (a) 2.6%, (b) 4.6%. 
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blue, as shown in Figure 5.5 (a).  As shown in Figure 5.5(b), at an applied strain of xyH = 
1.5 % the atoms in the corner of bottom layer triangle are displaced upwards 
(yellow/orange) and the atoms in the center are gradually displaced downwards (dark blue). 
The maximal upward and downward displacement are computed to be 0.28 Å and -0.03 Å. 
The downward displacement of the top layer is -0.053 Å, which is larger than that in the 
bottom. The corner of the top layer is also displaced upward as much as 0.087 Å. It is 
interesting to mention that the downward displacement pattern found at xyH = 1.5 % is 
incredibly similar to the PL intensity map of stacked bilayered triangular system under a 
strain, where the PL intensity of bottom layer is low at the center and increases with a sharp 
tail towards the corner (a shape of three-pointed star), while the PL intensity of top layer is 
noticeably low at the center as compared to the bottom layer and slightly high at the edge 
[150]. The comparable results further suggest that the current interatomic potential is 
capable to capture the strain response of the bilayer system. As strained further to xyH = 2.5 
% (Figure 5.5(c)), the bottom layer shows more upward displacement at the corner with an 
enhanced magnitude to 0.39 Å, and the tail of the “three-pointed star” turns to be broad. It 
is noticed that the edges of the bottom layer present a downward displacement around -
0.024 Å. Besides, the downward displacement of the center in bottom layer also increases, 
with a maximum of -0.056 Å.   
At applied strain of xyH = 2.6 % (Figure 5.6(a)), where the layer strain undergoes a 
substantial reduction as shown in Figure 5.4, the downward displacements at the corner 
shift to the center and form three displacement island. The dramatic decrease in the layer 
strain is attributed to the emergence of such Moiré-like patterns. The maximal upward 
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displacement in the center of the Moiré island is observed to be 0.42 Å, which is 
comparable to those observed in MoS2-WS2 (0.51 Å) or MoS2-WSe2 (0.39 Å) 
heterostructures [158] from continuum simulations.  The periodicity of the Moiré pattern 
is 13.09 nm as computed from the distance of two Moiré island, which is slightly larger 
than that in MoS2-WS2 bilayer, ~ 8.7 nm, and lower than that in MoS2-Au (111) interface, 
~30 nm [74-77, 159].  No Moiré pattern is observed in the top layer at the current applied 
strain. However, it should be noticed that the edges of the top layer undergo a recognizably 
large upward displacement, 0.13 Å as indicated by the noticeable green color on the edges. 
Meanwhile, the downward displacement in the center of the top layer slightly decreases to 
-0.037 Å as compared to -0.056 Å at xyH = 2.5 %.  
Table 5.3 The maximal upward displacement, upzmaxG , downward displacement, downzmaxG , and 
periodicity of Moiré pattern, pre'  during the tension. 
 
Bottom Layer Top Layer 
xyH  upzmaxG  downzmaxG  pre'  upzmaxG  downzmaxG  pre'  
1.5% 0.28 -0.032 N/A 0.087 -0.053 N/A 
2.5% 0.39 -0.024 N/A 0.064 -0.072 N/A 
2.6% 0.42 -0.036 13.09 0.13 -0.037 N/A 
4.6% 0.41 -0.058 7.65 0.31 -0.034 N/A 
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As shown in Figure 5.6(b), further straining of the structure to xyH = 4.6 %, where 
the layer strain of the bottom layer reduces for the second time, results in emergence of 
additional set of Moiré island at the edges, and the old Moiré islands are pushed towards 
the center. The correlation between the formation of Moiré islands and the reduction in 
layer strain is reconfirmed. The maximal displacement of the new Moiré island is 0.41 Å, 
which is almost the same as those nucleated at an applied strain of xyH = 2.5 %. The 
downwards displacement shows a maximal amplitude of -0.053 Å. With the emergence of 
additional islands, the repeated distance is reduced to 7.65 nm. The edges of top layer are 
continued to push upward, and a set of Moiré islands are clearly being generated.   
5.4 STRAIN RESPONSE UNDER BIAXIAL COMPRESSION 
Figure 5.7 Local layer strain as a function of applied strain show the emergence and 
nucleation of Moiré island under biaxial compressive strain. 
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The biaxial compressive strain is also applied to the triangular MoS2 bilayer with a 
monolayer MoS2 substrate to understand the strain response under the condition of 
compression. The variation of layer strain ( iLxH ) for each individual layer (bottom and top) 
in bilayered structure as a function of applied biaxial compressive strain ( xH ) is shown in 
Figure 5.7, and the vertical displacement map of bottom layer and top layer at different 
applied strain are presented in Figure 5.9.  
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Figure 5.8 The vertical displacement map shows the nucleation of displacement islands 
and the formation of Moiré pattern in the top layer and bottom layer at different applied 
biaxial compressive strain: (a) 1.6 %, (b) 2.5 %, (c) 5.0 %. 
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Similar to the case of tension, the layer strains in the bottom layer and top layer 
present simultaneous fluctuation with a periodicity of 2.5%. Each reduction in layer strain 
corresponds to the nucleation of new group of Moiré islands.  However, the application of 
compressive strain also exhibits some noticeable differences as compared to tension. At 
first, the strain is first observed to be substantially relaxed at the applied strain of 1.6% 
through extensive upwards displacement (green) at the edges. Such a relaxation is not seen 
during the tension. Secondly, at an applied strain of xyH = 2.5 %, six displacement islands, 
instead of three in the case of tension, emerge at the edges of the bottom layer (Figure 
5.9(b)), which results in the reduction of layer strain in both top layer and bottom layer. 
Meanwhile, the corners of top layer show upwards displacement with a maximal magnitude 
of 0.19 Å. In addition, unlike tension, no downwards displacement is seen during the 
compression, which is shown in Table 5.4. The Moiré islands are distinct from the atoms 
in adjacent region by presenting larger upwards displacement.  
Table 5.4 The maximal upward displacement, upzmaxG , minimal upward displacement, upmz inG
, and periodicity of Moiré pattern, pre' during the compression. 
 
Bottom Layer Top Layer 
xyH  upzmaxG  upmz inG  pre'  upzmaxG  upmz inG  pre'  
1.6 % 0.14 0.02 N/A 0.072 0.048 N/A 
2.5 % 0.35 0.038 17.92 0.19 0.087 N/A 
5 % 0.35 0.074 6.82 0.34 0.12 6.21 
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5.4 Conclusions 
Molecular dynamics simulations are carried out to investigate the strain response 
of CVD-grown MoS2 structures at the atomic scales. The interatomic interactions between 
Mo/S atoms are optimized in the form of hybrid REBO/LJ potential to best capture the 
structural and energetic properties, as well as the strain configuration at the presence of 
edges. A bilayer MoS2 triangles over a MoS2 substrate layer is created to model CVD-
grown structure with realistic edge configurations. The MD simulations suggest that the 
strain subjected to the substrate is not able to completely transferred to the bilayered MoS2 
sample, and the difference in the layer strain causes lattice match, which results in the 
formation of Moiré pattern. The emergence of Moiré islands is correlated to the reduction 
in the layer strain. A new group of Moiré islands are nucleated every 3.2 % applied strain 
in tension and 2.5 % in compression, which results in a periodic reduction in the layer strain. 
Besides, the strain response at an applied tensile strain of 1.5% shows a “three-pointed star” 
shape in displacement map, which is astonishingly similar to the PL intensity map of the 
bilayer MoS2 triangle found in recent experiments.  
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CHAPTER SIX 
6. STRAIN EFFECTS ON OTHER 2D TMDS 
6.1 Introduction 
As discussed in the introduction, the possibility of fabricating multilayer van der 
Waals heterostructure opens up new opportunities for building “Legos” with atomic thin 
TMDs for a wide range of applications. [48, 163, 164] These stacked vdW solids offer 
great tunability and provide new functionality compared with conventional devices. [165] 
However, as summarized in  a recent review [165], integration with other materials and 
controlling the resulting interfaces would be a challenge for technologically relevant 
applications. In this chapter, we will expand the study of strain effects to other 2D TMDs 
and vdW solids built from these materials, such as HfS2, WSe2.  
HfS2 is a good candidate for realizing ultra-low power circuits thanks to its well-
balanced mobility (1800 cm2/V∙S) and bandgap (1.2 eV) in 2D structures [166]. The FETs 
based on few-layer HfS2 are recently reported and present large on-off ratio and high drain 
current [166, 167]. WSe2 is known for a giant split at the valley in the valance band due to 
spin-orbit coupling, which may be implemented in the spintronic devices. [168, 169] 
Recently, the single-photon emission has been discovered in monolayer WSe2, which is 
interesting for the applications of quantum optics. [170, 171] It has been speculated that 
such localized emitters in monolayer WSe2 is likely to be attributed to the strain. [172, 173] 
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Therefore, the strain effects on the electronic and optical properties of HfS2, WSe2 are 
discussed in this chapter, and the heterostructures built from MoS2, HfS2 and WSe2 will be 
investigated in the future.   
6.2 Simulation Details and Electronic Properties 
 DFT calculations are carried out using projector augmented wave pseudo-potentials 
[137] as implemented in the VASP code. [138] The cutoff energy is 550 eV for the plane-
wave expansions and the Monkhorst–Pack k-point mesh is 17u17u17 for bulk and 
17u17u1. The exchange-correlation functional is treated within the Perdew–Burke–
Ernzerhof (PBE) generalized gradient approximations (GGA). [139] To study the effects 
of interlayer coupling, the conventional DFT energy is supplemented with a pairwise 
interatomic vdW potential which is determined by Tkatchenko and Scheffler (TS-vdW) 
from non-empirical mean-field electronic structure calculations. [113] The atomic 
positions of a unit cell are optimized until all components of the forces on each atom are 
reduced to values below 0.01 eV/Å.  
The lattice constants and elastic properties of HfS2 and WSe2 are shown in Table 
6.1 and Table 6.2, respectively. Our calculations are compared with experiments and 
previous calculations. The simulations without supplemented vdW interaction is noted as 
PBE, and PBE-TS denotes the simulations with supplemented vdW coupling. PBE-DF and 
PBE-D are previous calculations with different supplemented vdW interactions. It is 
clearly shown that without supplemented vdW potential, PBE is not able to accurately 
predict the lattice spacing in the vertical direction (c lattice parameter), although the in-
plane lattice constant a is not affected. Without TS potential, the c parameter in HfS2 and 
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WSe2 are overestimated by 14.7% and 15.3%, respectively. When a supplemented vdW 
potential is considered, the out-of-plane spacing is well predicted to the second decimal.  
On the other hand, the elastic constants are underestimated without TS vdW interaction, 
especially for the C33 and C13, which are related to the vertical direction. For example, C33 
of WSe2 is 12.2 GPa from PBE simulation, which is significantly deviated from the value 
from the experiment, 50 GPa. It is not surprising that the cohesive energies are similar for 
PBE and PBE-TS results because the out-of-plane vdW is much weaker as compared to 
the in-plane covalent bonds. As a result, the PBE-TS simulations are used for HfS2 and 
WSe2 in this chapter. 
Table 6.1. The lattice constants and elastic properties of bulk HfS2 from DFT, experiments 
and MD calculation with different parameterization. 
 
𝒂  
(Å) 
𝒄  
(Å) 
Ecoh 
(eV) 
C11 
(GPa) 
C33 
(GPa) 
C12 
(GPa) 
C13 
(GPa) 
C44 
(GPa) 
B0 
(GPa) 
PBE 3.64 6.70 -22.93 125.23 6.61 18.38 2.03 53.42 6.33 
PBE-TS 3.62 5.86 -23.73 137.07 36.73 15.24 6.83 60.91 27.72 
exp. a 3.63 5.84        
PBE-TS b 3.61 5.84  141.98 32.99 25.95 6.53 58.01 35.07 
PBE-DF b 3.77 6.31        
exp. c 3.63 5.85        
a reference [174], b reference [175], c reference [176]. 
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Table 6.2. The lattice constants and elastic properties of bulk WSe2 from DFT, experiments 
and MD calculation with different parameterization. 
 
𝒂  
(Å) 
𝒄  (Å) Ecoh 
(eV) 
C11 
(GPa) 
C33 
(GPa) 
C12 
(GPa) 
C13 
(GPa) 
C44 
(GPa) 
B0 
(GPa) 
PBE 3.32 14.95 -21.63 161.17 12.20 34.01 6.97 63.58 11.91 
PBE-TS 3.30 12.99 -21.57 200.57 61.95 37.82 17.93 81.38 48.61 
exp. a 3.28 12.96   52.1     
PBE-DF b 3.28 13.014   57.3     
exp. c    200 50     
MD d 3.39 12.92  193.7 50.1 81.9 16.3 9.1 58.4 
PBE-D e 3.30 13.092  190.76 59.62 41.71 21.18 39.26 63.7 
a reference [177, 178]  , b reference [179], c reference [180], d reference [181],  e reference 
[182]. 
The band structure of monolayer (ML), bilayer (BL) and trilayer (TL) HfS2 are 
considered in this section to study the effect of layer thickness on the electronic properties 
of HfS2. The band structures are shown in Figure 6.1. The band transitions from valence 
band maximum (VBM) to conduction band minimum (CBM) are indicated by the dashed 
arrows. It is an indirect band transition for ML HfS2, and the VBM and CBM locate at * 
and 0, respectively, which is different from the direct transition (. to .) in the case of 
monolayer MoS2. Such a difference is contributed to the contrasting 1T structure in HfS2 
as compared to the 2H structure in MoS2. These band edges are not changed as the layer 
thickness increases. The band gap energy decreases as the layer thickness increases. There 
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is a noticeable decrease from monolayer (1.32 eV) to bilayer (1.2 eV), and a less 
pronounced decrease from BL to TL (1.17 eV).  
As discussed in the introduction, the spin-orbit coupling (SOC) plays a vital role 
on electronic and optical properties of WSe2. Due to the inversion-asymmetry of the 2D 
TMDs, the SOC results in the two non-degenerate valance bands, i.e. band splitting, and 
the spin projection is well defined as spin up and spin down. [169] It has been reported that 
the spin splitting of the valence band may reach around ~140 meV for MoS2 and ~450 meV 
for WSe2. [31, 183, 184] Therefore, the effect of SOC on the bandstructure of BL WSe2 is 
first studied.  
In Figure 6.2, the band structure from PBE suggests a direct .. band transition. 
The conduction band edge appears at .C of the Brillouin zone, whose energy is slightly 
Figure 6.1 The band structures of monolayer, bilayer and trilayer HfS2. The band 
transitions from VBM to CBM are indicated by the black dashed arrows. 
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lower than that of 6C. The valence band shows no splitting at KV. At the case of PBE + 
vdW, the band splitting at 6C is so giant that the energy of 6C becomes lower than .C. As 
a result, the CBM changed to 6C from .c. At the valence side, the band splitting at *V 
shows large enough that the energy of *V surpasses .V. The VBM locates at *V instead 
of.V. The band transition from PBE + vdW is predicted as *6. A visible band splitting 
is observed at .V, denoted as ∆Κ𝑣 =0.124 eV. When the SOC is considered, the most 
noticeable difference is the valence band splitting at .V. The ∆Κ𝑣 is observed to increase 
to 0.473 eV. Such a giant spin splitting is originated from the loss of the inversion 
symmetry from bulk to 2D structures, and the dx2-y2 + dxy states of W atoms are responsible 
Figure 6.2 The band structures of bilayer WSe2 using different computational methods: 
PBE, PBE with TS supplemented vdW interaction (PBE + vdW), and PBE with TS 
potential with spin orbit coupling (PBE + vdW + SOC). 
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for the splitting. [183] The VBM appears at .V point of the Brillouin zone, while CBM 
still locates at 6C, resulting in an indirect .6 transition. Our results from PBE, PBE + 
vdW and PBE + vdW + SOC show that the bandstructure of bilayer WSe2 is sensitive to 
the SOC. The band nature such as the band edges and band splitting is largely dependent 
on the supplemented vdW and SOC. Therefore, the SOC and vdW are supposed to be 
considered in the straining studies of bilayer WSe2 in this section.   
6.3 Strain Response of 2D HfS2 
The band structure of ML HfS2 under biaxial strain is shown in Figure 6.3 for 
various strains. It is evident that the band edge is not altered under strain, and it remains an 
indirect *0 transition under the applied biaxial strain. The energy of CBM remains 
almost constant at ~-3eV under strain, while the energy of VBM remarkably increases with 
the applied strain, leading to a crossover of VBM and CBM after a certain strain. It is 
clearly shown at 15% compressive strain, the VBM stays above CBM, indicating a metallic 
nature of the band structure. The reason for the distinct behaviors of band edges under 
strain can be explained from the contributing orbitals. The major contributing orbital at 
VBM is S px+y, while Hf dz2 and S pz are dominated at CBM. The in-plane strain has a 
predominate influence for the in-plane orbitals (S px+y), and the effects on vertical 
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directions (Hf dz2 and S pz) are negligible. As a result, the energy of VBM is dramatically 
altered while the CBM stays unchanged under the applied in-plane strain.  
It has been shown that there exists a semiconductor-metal transition in 2D TMDs 
under the external pressure [185-187]. For example, theoretical studies have predicted that 
the band gap of BL MoS2 reduced to zero at a uniaxial tension of 20% and a biaxial tension 
of 5% [188, 189]. It remains unknown that whether a metallization of 2D HfS2 may occur 
under the applied strain. Therefore, uniaxial strain and biaxial strain are applied to ML, 
BL, TL HfS2 system. The applied strain ranges from -15% (compression) to 10% to probe 
the limit of the metallization. As shown in Figure 6.4, for all the cases, the band gap energy 
increases with tensile strains and decreases with compressive strains unlike MoS2, where a 
converse trend is observed. The metallization of 2D HfS2 is observed at the compressive 
domain. Another difference in HfS2 is that the mechanical boundary condition (MBC) has 
Figure 6.3 The band structures of monolayer HfS2 under various biaxial compressive 
strains showing the metallization. 
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a negligible effect on the metallization as compared to MoS2. For example, BL HfS2 
changed to metal at a compressive strain of 11.2% under uniaxial MBC and 10% under 
biaxial MBC, while for MoS2 the metallization occurs at a tensile strain of 20% under 
uniaxial MBC and 5% under biaxial MBC. The metallization strain is observed to be 
smaller as the layer thickness increases. In the tensile domain, the band gap energy almost 
linearly increases with strain at a small applied strain. After a certain strain, the band gap 
energy remains invariant with the further increasing strain, which suggests an upper limit 
for the band gap energy under a certain MBC.  
Figure 6.4 The band structures of monolayer, bilayer and trilayer HfS2. The band 
transitions from VBM to CBM are indicated by the black dashed arrows. 
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6.4 Strain Effects on Bilayer WSe2  
 The strain effects on bilayered WSe2 is studied in this section. To study the strain 
effects on the band structure, a uniaxial strain is applied along the zigzag direction of 
bilayer WSe2. The applied tensile strain ranges from 0% to 4% with an increment of 0.5%. 
The tensile strain subjected to the zigzag (x) direction is supposed to induce a compressive 
strain along armchair (y) direction due to the Poisson effect. It is necessary to consider the 
Poisson ratio when one wants to compare the theoretical predictions with the experimental 
values. The Poisson ratio of the PET substrate (0.4) is used as the strain is directly subjected 
to the substrate in experiments. That is to say, a compensate compressive strain of 0.4% is 
applied in the y direction for every 1% tensile strain subjected in the x direction. As a result, 
four different cases are considered: (a) PBE, (b) PBE with TS supplemented vdW potential 
(PBE + vdW), (c) PBE with TS potential with SOC (PBE + vdW + SOC), and (d) PBE + 
vdW + SOC with the consideration of the Poisson effect. The band structures of these four 
cases at various tensile strains are presented in Figure 6.5. In absence of SOC (Figure 6.5 
(a) and (b)), no splitting of energy bands at the band edges are observed. The tensile strain 
downshifts the energies of electronic bands, and the effects are more noticeable with the 
vdW interaction (Figure 6.5 (a) and (b)), leading to a wider spread under strain. Also, the 
decreases in energies at . points (both .C and .V) are considerably dramatic as compared 
to the *V points. In the case of PBE + vdW, the conduction band edge shifts from 6 point 
to . point under tensile strain.  When the SOC is considered (Figure 6.5 (c) and (d)), a 
remarkable band splitting at .V is observed for all the applied strain. The strain spread is 
reduced when the Poisson effects are included. It is easy to understand that the Poisson 
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effects can offset the increasing of the W-Se bond length under the tensile strain, and the 
strain effects are reduced.  
 It can be seen from Figure 6.5 that four critical points are suggested from our 
calculations for the band transitions: *V, .V, .C, 6C. As a result, the energy differences 
between these four points, i.e., *V.C, .V.C, *V6C,and .V6C are calculated to 
determine the variation in the band gap energy for the bilayer WSe2 under uniaxial tensile 
strain. The band transitions for the for cases are shown in Figure 6.6. Only the energy gaps 
of .V6C transition increase with the strain; the other three transitions show a reduction in 
energy gaps under the uniaxial tensile strain. The slope of *V.C energy gap with respect 
Figure 6.5 The band structures of bilayer WSe2 at various uniaxial strains from 0% to 
4% using different computational methods: (a) PBE, (b) PBE + vdW, (c) PBE + vdW + 
SOC, and (d) PBE + vdW + SOC + Poisson. 
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to the strain is largest among all the four transitions, followed by the direct .V.C 
transition. The large slopes of these two transitions can be explained by the strong effect 
of strain in the band energy at .C as indicated in Figure 6.5. The PBE result (Figure 6.6(a)) 
suggests an unphysical direct band transition even in a strained bilayer WeS2. With the 
vdW interaction (Figure 6.6(b)), the indirect *V6C transition is observed to be the lowest 
gap energy at small strain, and *V.C appears lower at around 3% tensile strain. The 
involvement of SOC results in a giant band splitting at .V, which remarkably decreases 
the gap energy of .V.C. As a result, the gap energy of direct .V.C transition is 
Figure 6.6 The band transitions of bilayer WSe2 under uniaxial strains from 0% to 4% 
using different computational methods: (a) PBE, (b) PBE + vdW, (c) PBE + vdW + SOC, 
and (d) PBE + vdW + SOC + Poisson. 
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substantially lowered as compared to non-SOC case in Figure 6.6 (b). An interesting 
indirect-to-direct crossover in the band transition is observed at around 3% strain in Figure 
6.6 (c). As discussed before, the inclusion of Poisson ratio reduces the strain effects, and 
the crossover is postponed as shown in Figure 6 (d). At 4% strain, the direct .V.C 
transition is almost below the indirect *V.C transition. According to the trends of these 
two transitions, it is obvious that the further strain is supposed to create a crossover.  
 Apart from the band gap energies, the effect of strain also modifies the curvature 
of the profiles at the band edges. These curvatures are directly related to the effective 
carrier mass of electrons and holes at CB and VB, respectively. The effective masses are 
defined as: 
𝑚𝑒 = ℏ2 (
𝜕2𝐸𝐶
𝜕𝑘2
)
−1
 
and  
𝑚ℎ = ℏ2 (
𝜕2𝐸𝑉
𝜕𝑘2
)
−1
 
where  ℏ =1.05×10-34 kg∙m2/s, EC (EV) is the conduction (valence) band energy, and k is 
the wavevector in the reciprocal lattice. Similarly, four critical points are considered *V, 
.V, .C, 6C. As a result, me at the .C and ΣC points of the conduction band (m(eK) and 
me(eΣ)) as well as mh at the .V and ΓV points of the valence band (m(hK) and m(hΓ)) are 
calculated. Since electrons and holes accumulate primarily around CBM and VBM, 
respectively, the effective masses at CBM and VBM are more important than those at other 
points of the band structure. As shown in Figure 7, the effective mass at *V point is 
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noticeably larger than the other three points, suggesting the carrier concentration at the *V 
be much higher. With the applied tensile strain, m(hΓ) shows decreasing trend and me(eΣ) 
shows increasing. The mobilities of charge carriers at K points are mainly related to W dz2 
electrons, which is negligibly affected by the in-plane strain. [190] As a result, the effective 
mass at . points are almost invariant with respect to tensile strain, as shown in Figure 6.7. 
As for the different methods, the PBE (Figure 7(a)) shows a significantly larger effective 
mass, especially at *V point; the other three methods predict similar trend and values for 
the effective masses.   
Figure 6.7 The variation of electron effective mas and hole effective mass with a uniaxial 
strain from 0% to 4% using different computational methods: (a) PBE, (b) PBE + vdW, 
(c) PBE + vdW + SOC, and (d) PBE + vdW + SOC + Poisson. 
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6.5 Conclusions 
 In this chapter, the strain effects are extended to other 2D TMDs including HfS2 
and WSe2. First, the band structures of ML, BL, and TL HfS2 suggest that the locations of 
band edges of 2D HfS2 structures are not affected by number of layers. These 2D HfS2 
structures are subjected to external strain with a wide range from -15% to 10% strain. Both 
uniaxial and biaxial strain are considered. ML, BL and TL HfS2 are turned to metallic 
structures at a compressive strain over 13%. The mechanical boundary conditions (uniaxial 
and biaxial) show less predominant effects as compared to MoS2. Besides, the effect of 
vdW interaction and SOC on the band structure of bilayer WSe2 are studied. Our result 
shows giant spin splitting similar to the previous calculations. Our results indicate that the 
vdW interaction, SOC and Poisson effects may significantly influence the band edge 
locations, the gap energies of band transitions. The effective masses are found to be less 
dependent on the SOC or Poisson effect. 
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CHAPTER ONE 
7. SUMMERY AND OUTLOOK 
7.1 Summary 
The aims of this thesis were to investigate the strain response of CVD-grown 2D 
TMDs. The roles of edges and defects on the modifications in electronic, optical, 
mechanical properties were identified. The interplay between edges, structures, and strain 
were studied to discover the underlying mechanisms of strain relaxation at the atomic scale.  
 Chapter 2 studied the effect of edges in 2D bilayer MoS2 materials under an applied 
strain. The modeled bilayer structure composed of an infinitely large bottom layer and 
arrayed nanoribbons in the top layer. The edges of the nanoribbons allow the top layer to 
have more flexibility in terms of atomic relaxation compared to the bottom layer. The two 
layers were found to be subjected to different local strains under a tensile uniaxial 
strain/stress condition in the basal plane. The local strain and the variation in band gap 
energy ΔEg at the center of the top layer were substantially smaller than those in the bottom 
layer under a tensile uniaxial strain/stress condition. These results demonstrate that distinct 
band gap energies can be induced/achieved in the bilayer structures under tensile uniaxial 
strain. Such variations need to be accounted for when analyzing strain effects on electronic 
properties using experimental methods or in continuum models.  
Chapter 3 discussed the modifications in electronic properties and sliding behavior 
of MoS2 bilayer at the presence of vacancy defects. Five types of vacancies including VS, 
142 
 
VSS, VMo, VMoS3 and VMoS6 were studied and compared to pristine structure. Localized 
charge states were activated both within the band gap region and near the band edges. The 
number of defect charge states was found to be increased with the number of vacancies. 
The defects embodied in the bottom affected the local density of states of atoms in both 
top and bottom layer. But the modifications in electronic properties were found to be 
limited to the atoms surrounding the vacancies. Therefore, the effects of vacancies were 
supposed to be local. Moreover, the potential energy surfaces for various types of vacancy 
were also identified and compared with that of pristine bilayer to study variations in the 
most favored sliding pathway. The optimal sliding route was found to be invariant to 
defects. However, the presence of vacancies increased the possibilities for sliding because 
the energy barriers were lowered. As a result, the interlayer coupling was considerably 
reduced in defect structures. 
Chapter 4 switched to experimental scale structures to explore the relationship 
between strain, edges and ripples as observed in CVD-grown MoS2 multilayers. A model 
multilayered system with terraces and edges was created to mimic the CVD-grown system. 
The strain response of the multilayered system was found to be layer dependent and the 
relaxation of individual layers was attributed to nucleation, propagation and interaction of 
ripples. The ripples were observed to nucleate at the locations of the edges of the layer in 
the regions below the edge and propagate inward to the center of the multilayered structure. 
The ripples had typical vertical displacements of ~0.1 Å for uniaxial tensile strain and ~10 
Å for uniaxial compressive strain. The strains required for the formation of ripples were 
observed to be dependent on the dimensions of the layers.  
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In chapter 5, the interatomic interactions between Mo/S atoms were optimized in 
the form of hybrid REBO/LJ potential to best capture the structural and energetic properties, 
as well as the strain configuration at the presence of edges. The strain response of stacked 
MoS2 bilayer with a triangular shape were studied. The structures of the modeled system 
were identical to the CVD-grown structures. As a result, the edge configuration was 
reproduced and the strain response was more comparable to experimental observations. 
For example, the strain response at an applied tensile strain of 1.5% showed a “three-
pointed star” shape in displacement map, which was astonishingly similar to the PL 
intensity map of the bilayer MoS2 triangle found in recent experiments. Our results 
suggested that the strain subjected to the substrate was not able to completely transfer to 
the bilayered MoS2 sample, and the difference in the layer strain caused lattice match, 
which resulted in the formation of Moiré pattern. The emergence of Moiré islands was 
correlated to the reduction in the layer strain. A new group of Moiré islands were nucleated 
every 3.2 % applied strain in tension and 2.5 % in compression, which lead to a periodic 
reduction in the layer strain.  
 Chapter 6 extended the study of strain effects to other 2D TMDs including HfS2 
and WSe2. Unlike 2D MoS2, the locations of band edges of HfS2 were not affected by strain 
or number of layers. ML, BL and TL HfS2 turned to metallic structures at a compressive 
strain over 13%. The mechanical boundary conditions (uniaxial and biaxial) showed less 
effects as compared to MoS2. Besides, the effect of vdW interaction and SOC on the band 
structure of bilayer WSe2 were studied, and a giant spin splitting was observed at the 
valence band edge. Our results indicated that the vdW interaction, SOC and Poisson effects 
significantly modified the band edge locations, the gap energies of band transitions. On the 
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other hand, the effective masses were found to be less dependent on the SOC or Poisson 
effect. 
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7.2 Outlook 
It is now possible to build multilayer heterostructures either by stacking various 
atomic crystals on top of each other or by growth of different structures together to form 
interfaces [9]. While the electronic properties of isolated layer have been intensively 
explored, the behavior of the electronic interface among the stacked layers is still of great 
research interest. The electronic structure of the 2D layers can be easily influenced by the 
adjacent layer through the interlayer vdW coupling. This strategy to stack multiple 2D 
materials can be used to tailor the desired electronic response under various loading 
conditions. A challenge in the applicability of monolayer MoS2 sheets arises from the 
direct-to-indirect band gap transitions under tensile strains of 1% and under compressive 
strains of -2% [36]. It is not clear if a stacked MoS2/HfS2/WSe2 structure will result in a 
direct band gap or indirect band gap for the heterostructure. As a result, the vdW interface 
made from 2D TMDs will be of great research interests. 
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